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ABSTRACT 
Carbohydrates represent the largest components of swine diets in the U.S. due to the 
different chemical and physical characteristics among sources; carbohydrates can exert different 
effects in the gastrointestinal tract of pigs. The primary purpose of this dissertation was to 
improve our understanding of the role of simple and complex carbohydrates on various 
nutritional interventions for nursery and growing pigs. To achieve this objective 5 experiments 
were conducted. A set of three experiments were designed to determine the effect of a prototype 
Lactobacillus acidophilus fermentation product (FP). The first experiment evaluated the FP with 
and without dietary antibiotics on growth performance. Second, a similar experiment was 
performed to determine the effect of the FP and lactose (LA) level on growth performance in an 
antibiotic-free diet scenario. A more mechanistic experiment was conducted to determine the 
effects of LA and the FP, on diet digestibility, N balance and intestinal function of weaned pigs. 
A set of- two experiments were designed to investigate the role of insoluble in two scenarios. 
The first experiment evaluated the effect of insoluble fiber on the efficacy of the phytase enzyme 
in nursery pigs when fed diets limiting in P content. The second was designed to determine if the 
impact of increasing insoluble fiber level on the digestibility of energy and nutrients- differs 
when diets are adjusted to constant nutrient (CN) or to constant ingredient composition (CI). 
Results of Exp 1 supported the positive role of dietary antibiotics on the growth performance of 
nursery pigs. However, the addition of FP or increasing the level of LA (from 7.5 to 15%) were 
not effective strategies to improve these growth variables (Exp 1 and Exp 2). Results of Exp 3 
showed that LA benefits the weaned pig by improving nutrient utilization rather than by 
improving gut function and structure. Results also showed a little benefit of using FP alone or in 
combination with LA and that there were no additive effects between the two (LA and FP), at 
xvi 
 
 
 
least under the conditions of this study. Results of Exp 4 clearly showed that the efficacy of 
phytase to release P from phytate is not impaired by insoluble fiber. Results of Exp 5 showed 
that increasing the insoluble fiber level in the form of DDGS decreased the digestibility of most 
dietary components. Results also showed that the use of the CI method for formulating diets 
resulted in a lower digestibility of insoluble fiber compared with diets formulated using the CN 
method. This demonstrated the bias that can be introduced into this type of experiment by the 
formulation method.  
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CHAPTER I: LITERATURE REVIEW 
Introduction 
Carbohydrates are the most abundant component of typical U.S. swine diets. These 
molecules are the largest energy source for pigs (Bach Knudsen et al., 2016), are the main 
substrates for microbial fermentation in the intestine, and have diverse characteristics that allow 
for different effects on the intestinal tract. In fact, there is a growing interest in investigating the 
role of carbohydrates on the intestinal function as well as their potential interaction with the 
mode of action of certain feed additives. 
Therefore, the objectives of this review are i) to define and classify carbohydrates in 
diets, ii) to describe the digestion and metabolism of carbohydrates and their impact on the 
gastrointestinal tract of pigs, iii) to describe the practical use of carbohydrates in swine diets and 
their potential impact on nutritional applications and intestinal health, and iv) to discuss possible 
interactions between carbohydrates and feed additives. 
Definition and Chemical Classification of Carbohydrates 
Carbohydrates are chemically defined as organic molecules having the formula 
Cm(H2O)n, in which the molar ratio of carbon, hydrogen, and oxygen is usually 1:2:1 (Ross, 
2014). These molecules can be classified as monosaccharides as molecules with 3 to 7 carbon 
atoms (trioses to heptoses), divided into two chemical functional groups (aldehydes and ketones), 
and subclassified by isomeric differences (D or L) based on the position of a hydroxyl group on 
the second carbon (stereocenter). Monosaccharides can polymerize into more complex structures 
through alpha (α) or beta (β) glycosidic linkages.  
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The degree of polymerization (number of monosaccharide residues) classifies 
carbohydrates as sugars (1-2 residues), oligosaccharides (3-9 residues), and polysaccharides 
(more than 10 residues; Cummings and Stephen, 2007). Although necessary, chemical 
classification in nutritional practice is rather inconvenient to describe carbohydrates because only 
a proportion of them are relevant.  
Carbohydrates fed to pigs generally correspond to polymers (from sugars to 
polysaccharides) of plant-based origin (except for lactose, a simple sugar from milk). 
Additionally, as will be explained herein, the gastrointestinal tract of pigs handles carbohydrates 
related to the plant cell contents differently than those from cell wall (structural) origin. Thus, 
classification based on compartmentalization origin has been proposed (NRC, 2012; Figure 1.1).  
 
 
 
 
 
 
 
 
 
Figure 1.1. Carbohydrate classification and common lab assays to determine carbohydrate 
fractions, adapted from NRC, 2012. 
Animal carbohydrates 
Starch Cellulose Sugars Lignin Hemicellulose Oligo- 
saccharides 
Pectins and 
gums 
β-Glucans Resistant 
Starch 
Plant carbohydrates 
Cell wall Cell contents 
Fructan- 
polysaccharides 
Total starch Neutral detergent fiber  
Water-soluble carbohydrates Acid detergent fiber  
Non-starch polysaccharides  
Soluble dietary fiber  
Total dietary fiber  
Insoluble dietary fiber  
Dietary carbohydrates 
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Carbohydrates associated with cell contents 
 Starch 
Starch in swine feeds generally belong to cereal grains stored in granules as glucose 
reserves. Chemically, starch is a polymer composed of glucose residues linked by α 1-4 (linear; 
amylose) and α 1-6 glyosidic bonds (dextrin ramifications; amylopectin). Starch is the major 
dietary source of glucose for pigs (Regmi et al., 2010) and generally the greatest source of 
energy in traditional Midwest USA swine diets. The characteristics of starch, including the 
spatial organization of the polymers, physical characteristics, and the proportion of amylose and 
amylopectin, determine the way it is digested and utilized in the gastrointestinal tract, as well as 
the insulin response of the pig (Ells et al., 2005; Deng et al., 2010). Thus, starch has been 
classified as slowly digested starch, rapidly digested starch, and resistant starch (Zhang and 
Hamaker, 2009; Aller et al., 2011).  
The category of “slowly digested starch” is the most common in swine diets and 
corresponds to raw cereal starches highly available to digestive enzymes with a lower 
insulinemic response (Englyst and Englyst, 2005; Ells et al., 2005). Rapidly digested starch 
corresponds to cooked (gelatinized) starch that is well digested and absorbed in the proximal 
small intestine, with a subsequent high glycemic index (Zhang and Hamaker, 2009; Polesi et al., 
2017). Feed processing techniques involving the use of temperature (i.e., extrusion) can increase 
the digestibility of starch by increasing the proportion of rapidly digested starch (Martens et al., 
2019).  
Resistant starches are further classified into five different types (I-V). Type I resistant 
starch, present in coarsely ground kernels of grains, are starch granules in proximity to structural 
proteins and the cell wall components. These structures work as a physical barrier, preventing 
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digestive enzyme hydrolysis, decreasing digestibility, and the insulinemic response. Type II 
resistant starch contains a relatively high proportion of amylose as opposed to amylopectin and 
thus is highly resistant to enzymatic hydrolysis (Birt et al., 2013). However, after the cooking 
process, it becomes highly digestible as a result of starch gelatinization. Type III resistant starch 
are retrograded amylose starches and can be found in cooked-refrigerated potatoes, rice, peas, 
and wheat (Singh et al., 2010). These amylose polymers have linear structures that tend to form 
double helices with adequate moisture content, particularly at low temperatures (4ºC). The 
double helices cannot be hydrolyzed since the spatial arrangement of these molecules does not 
allow the enzymatic binding (Birt et al., 2013). Retrograded amylose cannot be dissociated by re-
cooking.  
Type IV resistant starch corresponds to starch that is chemically modified by cross-
linking or adding chemical derivatives. This resistant starch does not swell after cooking, making 
the structure inaccessible to the enzyme amylase. Type V resistant starch corresponds to an 
amylose-lipid complex and avoids the binding of amylase by inhibiting the swelling of starch 
granules and modifying the spatial arrangement of the amylose and amylopectin chains (Birt et 
al., 2013). 
 Sugars (di- and monosaccharides) 
In young swine diets, the disaccharide  lactose is the major carbohydrate in sows’ milk 
and is -composed of monosaccharides  glucose and galactose. Lactose can be digested and used 
as a source of energy through the metabolism of galactose and glucose or easily fermented by 
intestinal microbiota (Højberg et al., 2003). It is usually added to starter diets as a familiar 
dietary source that may promote feed intake and  provide rapidly available energy to pigs 
(Montagne et al., 2007). Another sugar that might be added to starter diets is sucrose, a 
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disaccharide composed of a molecule of glucose and a molecule of fructose; it can be used as a 
lactose replacement in nursery diets or as a sweetener to encourage feed intake (Mavromichalis 
et al., 2001).  
 Oligosaccharides  
Oligosaccharides are polysaccharides with 3 to 9 monosaccharide residues. These 
molecules found in ingredients such as soybeans (Li et al., 2003), wheat, and barley, or they can 
be added as purified sources such as inulin (Belorkar and Gupta, 2016). Oligosaccharides are not 
hydrolyzed by endogenous enzymes but are easily fermented by intestinal microorganisms. 
Thus, oligosaccharides such as raffinose, stachyose, fructo-oligosaccharides, galacto-
oligosaccharides, polydextrose, and inulin (Cummins and Stephen, 2007) can be used as 
prebiotics, often targeting the proliferation of “beneficial bacterial species” such as 
Bifidobacterium (Pokusaeva et al., 2011) and Lactobacillus (Liu et al., 2008) species.  
Structural carbohydrates 
Structural carbohydrates are soluble and insoluble polysaccharides that constitute the 
primary and secondary plant cell walls (Brett and Waldron, 1996). These molecules cannot be 
hydrolyzed by the pig’s digestive enzymes but can be fermented in various proportions in the 
intestine. Structural carbohydrates vary in degree of polymerization and monosaccharide 
composition, resulting in a wide variety of three-dimensional shapes and physical characteristics. 
These, in turn, that allows them to have several effects in the gastrointestinal tract of pigs (Bach 
Knudsen, 2014).  
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 Cellulose 
Cellulose is the most abundant cell wall polysaccharide in nature and is composed of very 
long and straight chains of glucose residues linked by β 1-4 bonds called microfibers. These 
microfibers function as a fundamental structural component of plant cell walls by forming 
structural networks (Figure .2). Cellulose is insoluble and not easily accessible, and therefore is 
poorly fermented in the intestinal tract (Cummings, 1984).  
Figure 1.2. Schematic of the spatial organization of cell wall components (adapted from Brett 
and Waldron, 1996) 
 Hemicelluloses  
Hemicelluloses are polysaccharides that contribute to strengthening the cell wall by 
interacting with cellulose and lignin (Scheller and Ulvskov, 2010). Compared with cellulose, 
hemicelluloses are variable in monosaccharide composition and glycosidic linkages depending 
on the plant species origin. Hemicellulose can be classified into xylans, mannans, and β-glucans. 
Cellulose microfibril 
Hemicelluloses Pectins  
Structural protein 
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Xylans are composed of a β 1-4 xylose (a monosaccharide of the D-aldopentose type) 
backbone polymer with numerous side groups composed of single or multiple residues of 
arabinose, galactose, or 4-O-methyl-d-glucuronic acid. The composition of the side groups is 
used to classify xylans into arabinoxylans, glucuronoxylans, glucuronoarabinoxylans, and 
galactoglucuronoarabinoxylans (Voragen et al., 1992). 
Mannans are mainly composed of β 1-4 mannopyranosyl residues. Some of the mannose 
residues can be substituted with galactose, glucose, or both (Buckeridge et al., 2000). Thus, 
mannans are classified based on the substitution residues into glucomannans, galactomannans, 
and galactoglucomannans (Shastak et al., 2015). In swine diets, mannans can be found in 
soybean meal, copra meal, as well as in yeast cell walls.  
Beta glucans are composed of D-glucose monomers linked by β-glycosidic bonds. In feed 
ingredients, β-glucans are present in linear β (1-3 and 1-4) linkages of D-glucose. Glucans can be 
found in cell walls of the endosperm of wheat, barley, and oats, but are concentrated in the 
aleurone layer of wheat, barley, oats, sorghum, and other cereals (El Khoury et al., 2011). 
 Lignin 
Lignin is not a carbohydrate but a set of aromatic polymers resulting from the oxidative 
combinatorial coupling of 4-hydroxyphenylpropanoids (Boerjan et al., 2003). However, because 
of its close relationship to structural carbohydrates, it is accounted for in some insoluble fiber 
assays. Lignification of cereal grains confers protective and structural characteristics (Del Rio et 
al., 2018). Lignin is indigestible in the intestinal tract of pigs and might be used as a digestibility 
marker (Jagger et al., 1992), but rarely used as such since it is an integral part of the diet (may 
vary among experimental diets), and because accurate and repeatable results are difficult to 
obtain. 
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 Pectins and gums 
Pectins are a small proportion of the cell wall matrix polymers (Carpita, 1996). These 
polysaccharides are composed predominantly of galacturonic acid residues (some acid groups 
are present in the form of methoxyl esters), whereas a certain amount of neutral sugars might be 
present as side chains (Voragen et al., 2009). Pectins are characterized by forming gels to bind 
water and organic materials (Dihingra et al., 2011). Although pectins have low occurrence in 
most ingredients fed to pigs, it can be found in moderate levels in sugar beet pulp or be added in 
a purified form. Pectins are quite well fermented (>60%) along the gastrointestinal tract of pigs 
(Tian et al., 2017). 
Analytical Determination of Carbohydrates 
Analytical methods to measure the concentration of the different carbohydrate fractions 
are useful tools to characterize feedstuffs. As described in the carbohydrate classifications, 
analytical methods to measure carbohydrates determine the concentration of the cell contents and 
the cell wall components. 
Methods of analyzing simple sugars involve solubilization in alcohol and detection using 
a wide range of techniques, including chromatography and enzymatic-chemical methods 
(titration, gravimetric, and colorimetry). Although measurable, sugars are not commonly 
analyzed in feed for two main reasons: first, simple sugars are not a substantial part of most 
swine diets; second, sugars (i.e., lactose in starter diets) are added in purified forms with known 
and stable levels. 
Starch determination involves enzymatic-chemical methods with slight variations in 
sample preparation procedures, depending on the origin of the starch being analyzed (basically 
resistant or non-resistant starch). The principle is to degrade the starch polymer with alpha 
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amylase and amyloglucosidase to glucose monomers, and then glucose is determined using one 
of the detecting methods used for sugars. Starch content can be measured in quality control 
screenings of feed ingredients or diets.  
Various analytical methods are used to measure structural carbohydrates. The most 
common methods are the neutral and acid detergent fiber assays developed by Van Soest and 
Robertson (1979). These assays involve enzymatic and chemical procedures to solubilize non-
fibrous components (such as proteins, fats, and starch, and soluble minerals). The resulting 
insoluble residue is dried and used to determine the concentration of fiber by gravimetry. Neutral 
detergent fiber is used to quantify cellulose, hemicellulose, and lignin, whereas acid detergent 
fiber is used to quantify cellulose and lignin (Dhingra et al., 2011).   
Other methods to measure structural carbohydrates include non-starch polysaccharides 
(NSPs) that use enzymatic breakdown, exclusion of starch, and acid-hydrolysis of the residue to 
breakdown the NSPs to their constituent monomers. The determination of sugar-monomers is 
achieved using gas chromatography. Non -starch polysaccharide determination does not include 
lignin.  
The insoluble dietary fiber assay uses enzymatic (amylase and protease) and chemical 
(alcohol and acetone precipitation) methods designed to remove all components but the insoluble 
fiber; the retained residue is then dried and weighed. Additionally, ash and protein present in the 
residue are assayed and deducted in the final calculation. Insoluble fiber includes cellulose, 
hemicellulose, and lignin fractions. Soluble dietary fiber assays are usually performed with the 
insoluble fiber assay. Specifically, soluble dietary fiber after the alcohol precipitation step in the 
insoluble dietary fiber assay.  
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Soluble fiber can be determined using high-performance liquid chromatography, or 
gravimetrically with ash and protein corrections. Soluble dietary fiber includes pectins, gums, 
and mucilages (Dhingra et al., 2011).  
The total dietary fiber (TDF) assay includes removal of fat, enzymatic digestion (using 
amylase, amyloglucosidase and protease enzymes), and precipitation of the digested residue. The 
non-digested residue (containing structural carbohydrates) is dried and weighed. Additionally, 
this assay includes protein and ash residue corrections. The TDF determination contains soluble 
fiber and insoluble fiber components.  
Digestion, Absorption, and Metabolism of Carbohydrates by the Pig 
Digestion and absorption 
Pigs are fed polymerized carbohydrates (from disaccharides to polysaccharides) that need 
to be hydrolyzed into their monosaccharide components to be absorbed and metabolized. At the 
mouth, pigs secrete salivary amylase that is responsible for hydrolyzing starch molecules. 
However, the amount of carbohydrate digestion that takes place in the mouth and stomach is 
insignificant (Drochner, 1993).  
In the duodenum, secretion of pancreatic α-amylase is mainly responsible for hydrolyzing 
starch by hydrolyzing amylose into maltose molecules and short oligosaccharides, including 
dextrin molecules. The last step of carbohydrate digestion takes place in the proximal small 
intestine (predominantly in the jejunum), in the upper half of the villus at the apical side of 
enterocytes. Disaccharidases, such as lactase, maltase, iso-maltase glucoamylase, and sucrase, 
are synthesized in the endoplasmic reticulum, transported to the Golgi apparatus and translocated 
to the brush boarder. These enzymes hydrolyze oligosaccharides and disaccharides present in the 
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lumen into their constituent monosaccharides (glucose, fructose, and galactose). Glucose and 
galactose uptake takes place in the enterocytes of the small intestine through the sodium-glucose 
linked transporter SGLT1 using a co-transport system with sodium (Levin, 1994). Active 
transport using the Na+ and K+ pump is required to maintain the Na concentration gradient, thus 
driving the uptake of glucose (Wright et al., 2006). Fructose is mainly taken up on the brush-
border side of the enterocyte by specific facilitated diffusion through the GLUT5 fructose 
transporter. However, in some cases, fructose, glucose, and galactose can be absorbed through 
facilitated diffusion through the translocation of the GLUT2 transporter to the apical membrane 
(Kellett and Brot-Laroche, 2005).  
Glucose, fructose, and galactose exit the enterocyte towards the portal circulation via 
facilitated diffusion at the basolateral membranes using the GLUT2 transporter. Alternatively, 
glucose can be phosphorylated to glucose 6-P, internalized in vesicles, and exit the enterocyte via 
exocytosis (Wright et al., 2006). Fructose can also be used to synthetize glucose in the 
enterocyte. 
Non-digested, non-absorbed carbohydrates can be fermented hierarchically by intestinal 
microbes; usually, monosaccharides, disaccharides, and resistant starches and soluble fibers are 
fermented easily fermented, whereas insoluble fiber components are fermented at a limited 
degree (Bach Knudsen et al., 2013). Fermentation begins in the small intestine, but it occurs 
markedly in the large intestine (Bach Knudsen, 2012). Intestinal bacteria have a wide array of 
enzyme repertories to hydrolyze sugars, oligosaccharides, starch, and structural polysaccharides 
(Flint et al., 2012; Holscher, 2017). After enzymatic hydrolysis, resulting monosaccharides can 
be fermented by bacterial communities producing short chain fatty acids (SCFA, mainly acetic, 
propionic, and butyric acid). In the fermentation process, a significant proportion of the original 
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energy stored in carbohydrates is lost as heat or gaseous end products like H2 and CH4 (Bach 
Knudsen et al., 2013). Pigs can absorb SCFA by simple diffusion through the apical membrane 
of colonocytes, by an antiport transport system with bicarbonate and/or through a cotransporter 
system (using MCT1 and SMCT1 transporter proteins) with hydrogen or sodium (den Besten et 
al., 2013). Transport of SCFA through the basolateral membrane takes place using an antiport 
transport system with bicarbonate, and through cotransporter proteins (MCT4 and MCT5) with 
hydrogen or sodium (den Besten et al., 2013). Non-fermented carbohydrates (mostly insoluble 
fiber) become a significant part of the fecal bulk. 
Post-absorptive metabolism of carbohydrates 
In growing pigs, glucose represents the most abundant carbohydrate source that enters the 
portal vein circulation, whereas fructose and galactose are present variable proportions 
depending on diet composition.  
The fate of the circulating glucose is determined by the pigs’ metabolic status. Once in 
the blood, glucose is maintained within a concentration range by the insulin and glucagon 
hormones. After a meal, the concentration of circulating blood glucose rises; this change is 
sensed by the β-cell islets of the pancreas. In brief, glucose enters β-cells through facilitated 
diffusion using the insulin independent transporter GLUT 2 that has a high Km value (low 
affinity for glucose). Once inside, the β-cell glucose undergoes glycolysis, resulting in the 
synthesis of pyruvate and ATP, which increases the intracellular ATP/ADP ratio. Accumulation 
of ATP leads to closure of the ATP-sensitive potassium-dependent channels, causing 
depolarization of the plasma membrane and the opening of voltage-dependent Ca2+ channels. 
The resulting influx of Ca2+ activates exocytosis of insulin-containing granules (Fu et al., 2013). 
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The secretion of insulin in the blood triggers the uptake of glucose (through the 
expression of the glucose transporter GLUT4) in different insulin sensitive tissues (i.e., muscle, 
liver, and adipose tissue). Glycogen is synthesized (via glycogenesis) in a very limited quantity 
in the liver and muscle (Jensen et al., 2011), whereas gluconeogenesis in the liver and lipolysis in 
the adipose tissue are inhibited. In many tissues inside the cell, glucose is utilized to produce 
ATP (via glycolysis, pyruvate dehydrogenase, and phosphorylative oxidation). Thus, glucose 
becomes an essential energy supplier and signaling molecule for protein and lipid deposition of 
growing animals (Barret, 2012). Additionally, glucose also serves as a precursor of fatty acids 
(via de-novo lipogenesis), and in the synthesis of amino acids (as carbon skeletons), cholesterol 
(Kovanen et al., 1975), and nucleic acids (precursor of the ribose residue; Berg and Stryer, 
2007). 
In contrast, when glucose levels in blood drop (mainly as a consequence of tissue uptake 
and the lack of glucose entering the portal vein system), α-cells islets in the pancreas become 
electrically excitable (after a fire of continuous overshooting action potentials) and open voltage-
gated Ca2+ channels that ultimately allow influx of  Ca2+ into the cytosol. An increase in the 
intracellular Ca2+ concentration triggers glucagon granule exocytosis (Briant et al., 2016). 
Systemically, secretion of glucagon mainly serves to maintain glycemia by increasing hepatic 
glucose output stimulating gluconeogenesis in the liver, glycogenolysis in liver and muscle 
(depleting glycogen reserves), and lipolysis in the adipose tissue (Jiang and Zhang, 2003). 
Additionally, glucagon decreases glucose expenditure by inhibiting glycolysis in multiple 
tissues, and glycogenesis in muscle and liver.  
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Metabolism of SCFA is an indirect way to harvest energy from carbohydrates. 
Catabolism of butyrate can take place directly in the colonocyte (being major source energy for 
this cell types; Koh et al., 2016), whereas the SCFA that enters the portal circulation can be 
metabolized to other molecules. Acetate and butyrate are transformed into acetyl CoA, and 
depending on the metabolic status of the pig, can serve as an energy source through the Krebs 
cycle and phosphorylative oxidation, or they can be used in the de novo synthesis of fatty acids. 
Propionate can be catabolized to pyruvate and subsequently used as an energy source (via 
pyruvate dehydrogenase-Krebs cycle-and phosphorylative oxidation), or it can be used to 
synthesize glucose in the liver. 
In much less proportion, other monosaccharides such as mannose, xylose, and arabinose 
can also enter portal circulation. The origin of these molecules is related to the hydrolysis of 
structural carbohydrates. After being released in the intestinal lumen, these monomers can 
translocate into circulation by mechanisms that are still under discussion.  
Xylose can be metabolized (with significantly lower efficiency than glucose) into various 
derivatives with the possibility to be used in central metabolism pathways such as glycolysis and 
the pentose phosphate pathways (Huntley and Patience, 2018). Mannose can be phosphorylated 
and catabolized through the glycolysis pathway or can be used for mannosylation or 
glycosylation purposes (Sharma et al., 2014). Metabolism of arabinose is presumed to be poor 
(Schutte et al., 1992) comprehensive data on the metabolism of this monosaccharide has yet to 
be determined.  
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Practical use of Carbohydrates in Swine Diets and Their Potential Impact on Nutritional 
Applications 
Carbohydrates and diet formulations  
A key component of least cost diet formulation is to provide a diet with nutrients and 
functional attributes that maximize the expression of the genetic potential of the growing pig to 
gain lean and adipose tissue at an optimal cost. Like any dietary component, carbohydrates are 
often a substantial part of the least costly ingredients added to meet nutrient requirements. 
However, unlike other dietary constituents such as amino acids, calcium, or phosphorus, 
carbohydrates are not normally added to meet a certain specification. This is because a 
theoretical glucose requirement is irrelevant due to the relative abundant concentration of 
glucose in swine diets. Instead, limiting the levels of insoluble fiber (i.e., DDGS addition prior to 
market to improve dressing percentage) and the addition of purified carbohydrates (i.e., lactose 
in nursery diets to ameliorate the impact of weaning stress) are practical ways in which 
nutritionists directly control carbohydrates in diet formulation.  
Nutritional adjustments of carbohydrates in ingredient information 
The main nutritional value of carbohydrates is to provide energy; in fact, carbohydrates 
represent the most abundant source of energy for pigs (Bach Knudsen et al., 2016). Most of the 
carbohydrates fed in the U.S correspond to corn and corn derivatives. These feedstuffs are highly 
variable in the concentration of starch and insoluble fiber (Gutierrez et al., 2014). Although 
starch is well digested in the pig, insoluble fiber is used in variable proportions, from poorly (i.e., 
cellulose; Wilfart et al., 2007) to moderately fermented (hemicelluloses; Jang et al., 2016). 
Although soluble fiber is also present in diets, and it is generally well fermented in the intestine 
of pigs (Jha and Berrocoso, 2016), the actual levels of this fiber type are not substantial in 
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ingredients added to the typical U.S Midwestern swine diets. Additionally, for all fermentable 
fibers, a proportion of the energy present in the original carbohydrate molecules is lost in the 
synthesis of short chain fatty acids (Kohn, 2008). Additionally, structural carbohydrates can 
isolate or trap other dietary components (such as starch, amino acids, fat, and minerals), making 
them less accessible to digestive enzymes and decreasing digestibility of GE, amino acids 
(Gutierrez et al., 2013, Urriola and Stein, 2010), minerals and fat (Bakker et al., 1998; Agyekum 
and Nyachoti, 2017).  
There are some practical, nutritional tools to help to account for the effects of fiber. The 
first and most important is the implementation of ingredient energy estimates that account for 
energy use (i.e., DE, ME, and most importantly NE estimates; Acosta, 2015). These adjustments 
allow nutritionists to account for the energy dilution effect of high fiber ingredients (Le Goff and 
Noblet, 2001). Additionally, digestibility estimates of amino acids and phosphorus have allowed 
accountability for the effect of fiber on nutrient digestibility (NRC, 2012). These tools ultimately 
allow nutritionists to better use ingredient information in formulations of swine diets, pricing 
better feed ingredients and use them in a strategical manner.  
However, there are some unclarified questions regarding digestibility estimates. One 
important question is determining the effect of insoluble fiber on intestinal endogenous 
secretions. Insoluble fiber may increase endogenous secretions of nitrogen by increasing the cell 
turnover of the intestinal mucosa (Jin et al., 1994; Souffrant, 2001) and the secretion of 
endogenous fluids (Wenk, 2001). Another important question to answer is, does the design of the 
digestibility experiments affect the resulting estimations? It is still unclear if adjusting diets by 
maintaining ingredient composition generates a different response compared with diets adjusted 
by nutrient composition. Both approaches have potential confounding factors; therefore, it would 
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be useful to determine if the response to fiber levels is different under constant ingredient 
composition compared with constant nutrient composition. Finally, it is still unclear if fiber only 
traps the nutrients inside the ingredient itself, or if it affects the digestibility of nutrients in other 
ingredients present in the diet. 
Intestinal health and dietary carbohydrates 
 Knowledge of the nutritional role of carbohydrates is an important component with 
significant practical use in swine diets. The functional attributes of carbohydrates, specifically in 
maintaining intestinal health, have become increasingly important. However, intestinal health is 
a complex object of study with several mechanisms to consider. A comprehensive understanding 
of intestinal health is needed in order to use the functional attributes of carbohydrates effectively. 
Mechanisms to Maintain Intestinal Health 
The interaction between the gastrointestinal tract and its contents is a very complex 
subject. The gastrointestinal tract comprises very active tissues with several functions; intestinal 
contents include numerous molecules and diverse microbial populations that thrive in the luminal 
environment. To do so, the intestinal epithelium has evolved mechanisms to sense, destroy, and 
control microbes, while microorganisms have developed a high-level competence to diminish 
pathogens and maintain a stable environment by enhancing host tolerance. 
Intestinal integrity  
The intestinal epithelium represents a natural barrier which permits the selective entry of 
nutrients, ions, water, and other useful substances present in the lumen into the systemic 
circulation while keeping at bay potential harmful elements, including bacteria and their bio-
products (Liu et al., 2013; Vajro et al., 2013).  Intestinal microbial populations, also known as 
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“gut microbiota,” comprise thousands of species-level phylogenetic types (some harmless and 
others potentially pathogenic) that coexist in the nutrient-rich intestinal environment. The 
intestinal epithelium has evolved mechanisms to differentiate potentially pathogenic bacteria, 
parasites, and viruses from harmless protein and commensal bacteria by modulating complex 
crosstalks with the external environment (Granger et al., 2006; Kato et al., 2014). This system 
allows the host to produce an appropriate response to establish tolerance with commensal 
microbiota or to eliminate pathogens (Granger et al., 2006). 
Intestinal protection can be divided into non-specific and immunological defense 
mechanisms. The non-specific defense includes peristalsis, gastric acid production, mucus layers, 
tight junctions, regeneration of the gastrointestinal epithelium, the gut-liver axis, and resistance 
against pathogenic bacteria. The immunological defense includes the gut associated lymphoid 
tissue (GALT) with the production of secretory immunoglobulins, M-cells, and lymphocytes 
(Spreeuwenberg, 2002).   
Non-specific and immunological defense mechanisms 
 Peristalsis and gastric acid production  
Peristalsis prevents the attachment of ingested micro-organisms by mixing and moving 
luminal contents distally through waves of contraction propagated along the gastrointestinal tract 
(Huizinga, 1999; Bures et al., 2010). On the other hand, the secretion of gastric acid destroys a 
large proportion of the ingested bacteria. Both mechanisms are effective ways to control 
intestinal microbiota.  
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Physical barriers 
 Tight junctions  
Tight junctions are the most apical cell-cell contacts in epithelial and endothelial tissues. 
They are constituted by a set of proteins that are primarily involved in the regulation of 
paracellular permeability, membrane polarity, act as a signal platform for different pathways and 
regulate a variety of cellular processes including differential proliferation and apoptosis  
(González-Mariscal et al., 2008; Paris et al., 2008; Tsukita et al., 2008; Schulzke and Fromm, 
2009). Therefore, tight junctions play a central role in the maintenance of tissue integrity (Dorfel 
et al., 2013). 
The function of tight junctions is accomplished by multiple protein-protein interactions 
and is regulated by signaling cascades such as G proteins, kinases, and phosphatases (González-
Mariscal et al., 2008). Protein components of tight junctions can be classified as transmembrane 
proteins and cytoplasmic adaptor proteins (Paris et al., 2008; Shen, 2012).   
Claudin proteins constitute a family of more than 20 proteins with four transmembrane 
domains. These proteins determine the barrier properties of the tight junctions (Furuse and 
Moriwaki, 2009). Claudins have two extracellular loops that display variability in the distribution 
and number of charged residues. This feature is crucial as it determines the paracellular ionic 
selectivity of the tight junctions. Accordingly, some claudins form paracellular ion channels 
(González-Mariscal et al., 2008). 
Occludin is a tetraspan protein that forms two extracellular loops separated by a short 
cytosolic loop. The first extracellular loop is enriched with tyrosine and glycine residues, and the 
second one is full of tyrosine molecules, which are targets for several protein and tyrosine 
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kinases (Bazzoni and Dejana, 2004). Although occludin is thought to contribute to intercellular 
funtions, its physiological role remains controversial (González-Mariscal et al., 2008).  
Zonula occludins are cytoplasmic proteins that anchor membrane proteins like claudin, 
occludin, and junction adhesion molecules to the actin cytoskeleton. Zonula occludin proteins are 
scaffolds that establish protein-protein interactions that cluster at the tight junction diverse 
kinases, phosphatases, small G proteins, and nuclear and transcription factors (González-
Mariscal et al., 2008). The ultimate function of these proteins is to serve as a bridge between the 
tight junctions and the actin cytoskeleton. 
The motor protein myosin II is a cytoplasmic protein composed of two heavy chains that 
form a parallel structure organized as coiled-coil rods from which large globular heads project. 
This structure also has two light chains called essential (MLC1) and regulatory (MLC2) that are 
located around each neck of a heavy chain (González-Mariscal et al., 2008). The heads interact 
with ATP and actin to generate force and filament sliding, while the light chains are regulated by 
phosphorylation. Its function can maintain or disrupt the tight junction conformation. 
 Mucus layer 
The gastrointestinal epithelium is covered by a layer of mucus, which forms the boundary 
between the lumen contents and the mucosa. The mucus layer is an integral structural component 
of the intestine that provides protection (against digestive secretions, pathogens, and physio-
chemical damage), lubrication, participation in cellular signaling (Hodges and Dartt, 2013) and 
facilitates transport between the luminal contents and the epithelial lining (Deplancke and 
Gaskins, 2001; Spreeuwenberg, 2002). It has been reported by Johansson et al. (2011) that the 
small intestine has one mucus layer, and the large intestine has two; the inner, attached layer has 
a protective function for the intestine, and it is impermeable to the luminal bacteria.  
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The major components of the mucus layers of the intestine are predominantly mucin 
glycoproteins that are synthesized and secreted by goblet cells (Deplancke and Gaskins, 2001; 
Johansson et al., 2011). The structure of mucins is characterized as having a protein domain rich 
in proline, threonine, and serine linked to a wide-variety of O-linked oligosaccharide side chains, 
giving the mucin domains a “bottle brush-like” extended and stiff conformation (Johansson et 
al., 2011; Hodges and Dartt, 2013). The oligosaccharides chains in mucins are extremely 
hydrophilic, contributing to the lubricating function of this molecule, while the proline residues 
of the protein contribute with structural rigidity (Constantinou et al., 2011).  
Intestinal mucins can be classified into two different types of molecules. Secretory 
mucins (mainly MUC2) and the transmembrane mucins (MUC3, MUC12, MUC13, and 
MUC17). The secretory gel-forming mucin MUC2 is secreted from the apical surface of goblet 
cells by baseline secretion (simple exocytosis that comprises constitutive release of newly 
synthetized granules) and by compound exocytosis (an accelerated secretory event that results in 
acute release of centrally stored mucin granules as a response to a mucin secretagogue) 
(Deplancke and Gaskins, 2001). Stimuli of secretory mucins occur as a result of parasympathetic 
stimulation or chemical and physical irritation. Transmembrane mucins cover the apical surface 
of enterocytes; the major, shared function of these membrane-tethered mucins is to hydrate and 
lubricate cell surfaces (Constantinou et al., 2011). 
Mucin oligosaccharides may serve as binding sites for some bacteria. Additionally, these 
oligosaccharides represent a direct source of carbohydrates and peptides, and exogenous 
nutrients, including vitamins and minerals, are likely concentrated within the mucus matrix 
(Deplancke and Gaskins, 2001).  
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 Gastrointestinal immunity  
Innate immunity is an inborn capacity to recognize microbes; this innate response includes 
mechanisms for sensing, removing, destroying, or controlling microorganisms present in the 
intestinal lumen. This characteristic contributes to natural tolerance by restricting bacterial 
growth and tempering potential inflammatory responses. This allows the host to maintain 
indigenous bacteria populations or cause rapid elimination of pathogens (Jump and Levine, 
2004; Kato et al., 2014). Innate immune cells, such as dendritic cells, can sense pathogens and 
subsequently engage an adaptive immune response via the modulation of T cell responses (Vajro 
et al., 2013). This means that innate immunity and the adaptive immune system have a functional 
overlap. 
Mechanisms of sensing microbiota by the innate immune system  
To sense microbiota, the innate immune system uses proteins named pattern recognition 
receptors (PRRs). These proteins match molecular patterns and pathogen associated molecular 
patterns (PAMPs) expressed by microorganisms such as LPS, peptidoglycans, lipoteichoic acid, 
bacterial flagellin, and unmethylated DNA. The main objective of these receptors is to activate 
signal transduction pathways that trigger defense mechanisms. 
Toll like receptors (TLRs) are integral membrane glycoproteins that belong to the family 
of PRRs that are expressed in the intestinal epithelial cells as a response to a wide range of 
bacterial products. In normal conditions, TLRs are not highly expressed in the gastrointestinal 
tract; however, its expression increases under inflammatory conditions (Granger et al., 2006). 
There are different families of TLR, each one able to sense molecules of microbial origin such as 
lipopeptides, peptidoglycans flagellin, RNA, DNA, and LPS (Eckmann, 2006). 
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Nuclear oligomerization domain-like receptors are cytosolic proteins that respond to 
various PAMPs from bacteria (lipoproteins, pore-forming toxins, RNA), viruses (RNA), fungi, 
and parasites (Kawai and Akira, 2011).Retinoic acid inducible gene-like receptors (RLRs) such 
as RIG-I or melanoma differentiation-associated protein 5 (MDA5) are RNA helicases binding to 
double-strand viral RNA (Gourbeyre et al., 2015). 
 Innate response: effector molecules  
Epithelial cells express antimicrobial peptides and small proteins that protect intestinal 
crypts from bacterial overgrowth and support the integrity of the epithelium (Jump and Levine, 
2004). Antimicrobial specialized peptides include defensins, hepcidins, and cathelicidins. 
Defensins (α and β) are cationic molecules capable of disrupting the integrity of bacterial 
membranes by different mechanisms, ultimately causing death by lysis (Jump and Levine, 2004; 
Granger et al., 2006). Hepcidins have been demonstrated to act in-vitro against gram positive 
bacteria and fungi. Hepcidins act using an iron depleting function that limits the availability of 
free iron, reducing the opportunity for microbes to establish infection (Granger et al., 2006). 
Cathelicidins are cationic molecules that show a broad spectrum of antimicrobial activity against 
bacteria, enveloped viruses, and fungi (Kościuczuk et al., 2012). 
Lysozyme is a small cationic protein (1,4-β-N-acetylmuramidase) that enzymatically 
cleaves a glycosidic linkage, hydrolyzing peptidoglycans in the bacterial cell wall which 
ultimately results in the loss of cellular membrane integrity and cell death (Ellison and Giehl, 
1991; Granger et al., 2006). In addition, hydrolysis products can enhance IgA secretion, 
macrophage activation, and rapid clearance of bacterial pathogens (Clarke et al., 2010; Silhavy et 
al., 2010).  
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Phospholipase A2 is a small cationic protein that exerts antibacterial functions by virtue of 
this ability to degrade phospholipids characteristically in the bacterial membranes (Granger et al., 
2006).  
There are two major classes of inorganic molecules that act in the gastrointestinal tract as 
antimicrobial agents: reactive nitrogen and oxygen species (RNS and ROS, respectively). The 
production of ROS is mediated by the production of oxygen superoxide synthetized from 
molecular oxygen by phagocyte oxidase, while RNS is synthetized from arginine. Synthesis of 
ROS in the intestinal tract is limited to neutrophils and macrophages, while the production of 
RNS is generated in phagocytes and many other cell types, including intestinal epithelial cells 
(Granger et al., 2006).   
 Gut-associated lymphoid tissue and adaptive immunity 
The role of the adaptive immune system is not to form the primary barrier in the gut, but 
to play a secondary backup role developing strong immune defenses against specific microbial 
components (Peterson and Jimenez Cardona, 2010). The adaptive immune system in the 
intestinal tract is found in a complex network of lymphoid tissue within the gut that is involved 
in antigen transport, processing, and presentation to T cells within the intestinal tissue. It relies 
on lymphocytes with a vast diversity of receptors capable of recognizing a wide variety of 
antigens and eliciting specific and memory responses (Suzuki et al., 2010; Kato et al., 2014). 
Therefore, GALT represents a site of B cell activation, proliferation, and terminal differentiation 
in response to antigens.  
Primary inductive sites of GALT are places where concentrated antigens are collected, 
and most of the IgA immune responses are initiated. These organized follicular structures are 
mainly present in the wall of the small intestine. Some of these follicular structures are named 
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Peyer’s patches (PPs) and mesenteric lymphoid nodes (Suzuki et al., 2010) responsible for 
activating B and T cell subsets to induce oral tolerance or activation of an immune response.  
The process of adaptive immune activation starts with the uptake and transfer of antigens 
by the M cells from the lumen. The antigen is sampled by dendritic cells, followed by migration 
of the dendritic cells to the B and T cell populations (Mowat et al., 2004). Activation/priming of 
lymphocytes by dendritic cells results in immunoglobulin class switching from the expression of 
IgG to IgA for B cells and T cell polarization to different T helper cells subsets. Activated 
lymphocytes within the PPs may then migrate to the mesenteric lymph nodes via lymphatic 
vessels, where they differentiate further before entering the blood circulation via the thoracic 
duct evoking an inflammatory response (Koboziev et al., 2010). 
The secretion of IgA occurs after immune stimulation of memory/effector B cells in 
GALT structures, particularly PPs (Brandtzaeg, 2013), and protects the host against specific 
mucosal pathogens (Suzuki et al., 2010) by limiting the access of bacteria below the epithelial 
layer. Secreted IgA can bind to pathogens because of its high level of cross-reactivity with 
bacterial antigens (Suzuki et al., 2008). IgA coated antigens enhance local immune responses of 
M cells located either in the PPs, isolated lymphoid follicles, and those located between villus 
epithelial cells (Rey et al., 2004). 
Overall, there is an extensive repertoire of diverse mechanisms that take place to maintain 
and recover intestinal health. However, these mechanisms can be overwhelmed, particularly in 
weaned pigs. Weaning is characterized as a stressful event in the early life of mammals (Kick et 
al., 2012) and is very relevant in animal production, primarily because weaning occurs much 
faster than when it takes place in nature.  The weaning event in pigs usually results in decreased 
feed intake (Burrin et al., 2003; Pierce et al., 2005; Tran et al., 2014), resulting in reduced growth 
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rate and vulnerability to disease (McCracken et al., 1999). Additionally, the impossibility to 
mount an effective immune function may become relevant considering the immature state of the 
weanling pig immune system. As a result, piglets may become susceptible to infections (Capasso 
et al., 2015).   
Intestinal Health and Dietary Carbohydrates  
Although the term intestinal health is extensively used in nutrition and disease research, it 
is rarely defined or described. The most common notion of a healthy intestine relates to the 
absence of gastrointestinal tract diseases (Bischoff, 2011). Moreover, a healthy intestine is the 
one able to accomplish all its functions including digestion, absorption, excretion, and host 
defense.  
Thus, the enhancement of intestinal health comprises all the nutritional and management 
efforts to guarantee intestinal function by exerting tolerance between the host and the intestinal 
microbiota (Lindberg, 2014). For the host, this should translate into the enhancement of the 
barrier function and the inhibition or the reduction of inflammation (Pie et al., 2004; Montagne et 
al., 2007; Bischoff, 2011). On the other hand, from the intestinal microbiota perspective, the 
promotion of commensal and the impairment of pathogenic microorganisms is pursued.  The 
carbohydrate fraction of the diet has been proposed as an avenue to improve or maintain 
intestinal health (Jarret and Ashworth, 2018; Li et al., 2018). This is because the effects of 
carbohydrates present in the diet and the mechanisms to maintain intestinal health in pigs are 
closely related. Specifically, the interaction of carbohydrates that escape digestion and 
absorption in the small intestine and the microbiota are of particular interest (Zhao et al., 2018). 
As described previously, these carbohydrates serve as substrate for resident microbial 
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communities along the intestine; specifically, commensal bacterial species have been reported to 
be enhanced by the addition of fermentable carbohydrates (Liu et al., 2018), whereas a decrease 
of pathogen species have also been reported (Li et al., 2019). Competitive inhibition among 
microbial species includes the depletion of fermentable substrates (Ubeda et al., 2017). This 
effect is mainly assigned to the ability of some commensal microorganisms to generate an acidic 
microenvironment as a result of the production of undissociated forms of weak organic acids 
(Sun and O’Riordan, 2013). These molecules can penetrate the cytoplasmic membrane of gram-
negative microorganisms (including pathogenic species), resulting in reduced intracellular pH 
and disruption of the transmembrane proton motive force and bacterial cell lysis (Alakomi et al., 
2000). Additionally, commensal microorganisms produce various antimicrobial compounds, 
including bacteriolytic enzymes, bacteriocins, biosurfactants, hydrogen peroxide, and 
acetaldehyde (Walencka et al., 2008). 
The fermentation of carbohydrates is another critical component to maintain intestinal 
health. First, when carbohydrates are available to be fermented, amino acids are more likely to be 
incorporated as microbial biomass instead of being fermented to produce energy (Bach Knudsen 
et al., 1993). This is relevant since the nitrogenous end-products of the fermentation of amino 
acids (ammonia, branched-chain fatty acids, histamine, tyramine, cadaverine, spermine, 
spermidine, and putrescine) can be toxic to the mucosal host cells (Jha et al., 2019). Additionally, 
the fermentation of carbohydrates maintains an anaerobic environment, reducing the oxygen 
concentration in the lumen; this effect limits the progress of pathogenic facultative anaerobes 
(Jha et al., 2019). 
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The synthesis of bacterial metabolic end products, especially butyrate, has been shown to 
maintain immune homeostasis (Koh et al., 2016). Butyrate production has several beneficial 
effects including anti-inflammatory properties, regulation of cell proliferation, differentiation and 
apoptosis, the main energy source for large intestine cells, increasing of mucosal blood supply, 
protection of the epithelial barrier expression of tight junction proteins), activation of mucin 
release, and stimulation of electrolyte and water absorption (Plöger et al., 2012). 
Finally, fiber can  protect the intestinal mucosa from pathogenic bacteria and harmful 
molecules through the upregulation and the secretion of mucins (Desai et al., 2016). 
Additionally, some fibers such as mannans can mimic the binding sites for pathogenic 
microorganisms limiting the ability of these microorganisms to bind to the intestinal mucosa (Xu 
et al., 2017). Additionally, mannans can be recognized by the immune system of the pig 
promoting antigen presentation (Halas and Nochta, 2012); however, the actual impact in the host 
remains unclear (Huntley and Patience 2018).  
Possible Interactions Between Carbohydrates and Feed Additives 
Along with feed ingredients with functional characteristics, several products or 
compounds can be added to swine diets to improve one or more desired physiological outcomes. 
To do so, each product has a mode of action, a process that involves key steps through the 
fulfilment of certain conditions (i.e., exogenous enzymes targeting a specific substrate may 
require a specific substrate concentration, temperature, and pH to be physiologically relevant in 
the intestinal tract of the pig; Bedford and Schulze, 1998). Enhancement of some of these 
conditions may potentiate the effect of feed additives (Chae et al., 2016), whereas the disruption 
of one or more of these conditions may hinder their effectiveness (Molist et al., 2011). Ingredient 
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composition of swine diets is variable (depending on availability, price, and other specific 
purposes). This variability may potentially change the circumstances in which feed additives 
work.  
As mentioned previously, dietary carbohydrates can affect nutrient utilization, as well as 
the potential to impact the intestinal health of the pig. Thus, there are various instances in which 
the mode of action of a feed additive and carbohydrates can overlap. Therefore, research in this 
area would improve our understanding of the relationship between diet composition and the 
impact of feed additives; this ultimately would allow nutritionists to increase the effectiveness 
and use of these compounds. 
Conclusions 
In conclusion, carbohydrates comprise the major component of diets for pigs and are 
major energy providers. The fiber fraction may define the use of dietary components affecting 
the digestive process and work as the substrate for microorganisms in the intestinal tract. 
Additionally, carbohydrates may play an active role in intestinal health and potentially interact 
with feed additives present in the digesta. Therefore, the main objective of this dissertation is to 
investigate the relationship between the carbohydrate fraction of the diet and some most 
appropriate nutritional interventions in nursery and growing pigs. The specific objectives of this 
dissertation are i) to determine the interaction between lactose and a fermentation product feed 
additive designed to improve intestinal health, ii) to determine if insoluble fiber affects the 
efficacy of phytase, and iii) to determine the effect of insoluble fiber on the digestibility of 
different dietary components under a constant nutrient or a constant ingredient approach.  
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Abstract 
Two 35-d experiments were conducted to study the effects of a prototype Lactobacillus 
acidophilus fermentation product with antibiotics or with lactose (LA) on feed intake and growth 
performance of nursery pigs. In Exp. 1, 424 pigs (5.81 ± 0.93 kg BW) were blocked by BW and 
randomly assigned to 4 dietary treatments following a 2×2 factorial design: with (AB+) or 
without (AB-) antibiotics (440mg of chlortetracycline hydrochloride /kg of diet [Aureomycin, 
Pfizer Animal Health, Madison, NJ], and 40mg of tiamulin hydrogen fumarate/kg of diet 
[Denagard, Elanco, Greenfield, IN] from d 1 to 14, and no antibiotics thereafter) and with 
prototype Lactobacillus acidophilus fermentation product (FP+; 1.0g and 0.5g of FP/ kg of diet 
from d 0-21 and 22-35, respectively) or without (FP-). For Exp. 2, 260 weaned pigs (5.67 ± 0.91 
kg BW) were blocked by BW and randomly assigned to 4 dietary treatments following a 2×2 
factorial design: a 7.5% LA feeding program (7.5% of LA d 0-7, and no LA thereafter), versus a 
15% LA feeding program (15% of LA from d 0-7, 7.5% from d 8-21, and no LA thereafter), and 
with FP+ versus without FP-, according to the levels described for Exp. 1. Data were analyzed 
using PROC MIXED of SAS. In Exp. 1, there was a week × AB interaction for BW (P = 0.048); 
the addition of AB did not affect BW at d 7. However, at d 14 and 21, there was an AB × FP 
tendency and an interaction (P = 0.084 and P = 0.007, respectively); the AB+FP- tended to 
increase BW compared with AB-FP- and AB-FP+, whereas the AB+FP+ was intermediate. At d 
28 and 35, BW tended to increase in pigs fed AB (P = 0.060 and P = 0.097, respectively). 
Antibiotics tended to increase overall ADG (P = 0.084) but had no impact on ADFI and G:F 
ratio. The FP had no impact on growth performance or feed intake. In Exp. 2, there was a 
tendency for a week × LA × FP interaction for the overall ADG (P = 0.091); increase the level of 
LA or adding FP did not increased ADG from d 0-7 but on d 8 to 14 there was a tendency for an 
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LA × FP interaction; the 7.5% LA FP- tended to have increased ADG compared with the 7.5% 
LA FP+, whereas the 15% LA FP- and the 15% LA FP+ were intermediate. No effects of LA 
level or FP on ADG thereafter. Similarly, there were no effects of LA level or the addition of FP 
on the overall ADFI and G:F ratio. In conclusion, the use of antibiotics improved the growth 
performance of nursery pigs as expected. In contrast, the addition of FP or increasing the level of 
LA (from 7.5 to 15%) were not effective strategies for improving these growth variables. 
Keywords: Specialty ingredients, feed additives, weaned pigs. 
Introduction 
It is well documented that the weaning process imposes nutritional, physiological, 
environmental, and social stressors on piglets. Common effects of weaning include decreased 
feed intake, poor growth rate, an increase in the incidence of diarrhea, and other indicators of 
poor health (Olsen et al., 2018). Specifically, in the intestine, dramatic temporal changes in 
structure, function, and microbiology have been reported (Boudry et al., 2004; Chen et al., 2017). 
Recovery from weaning has been separated into two different phases. First, an acute phase where 
a reduction in feed intake and the introduction of multiple stressors result in major changes in gut 
structure and function. Second, an adaptive phase where the pig regains appetite and intestinal 
function recovers (Montagne et al., 2007). Various feed additives and other specialized 
ingredients with beneficial properties are added to the diet to temper the impact of these stressors 
on the intestine, specifically during these two phases of weaning. 
A successful nursery feeding program should minimize the impact of weaning by 
reducing the effect of stressors that can negatively impact the incidence and severity of disease. 
For decades, dietary antibiotics were an effective tool used by nutritionists to achieve this very 
purpose. Ultimately, the inclusion of antibiotics allows the pig to avoid or limit common immune 
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challenges around weaning, often concurrently improving growth and feed efficiency (Verstegen 
and Williams, 2002). However, a general trend in the pork industry to reduce the use of 
antibiotics is encouraging a transition to other, non-antimicrobial products to reduce the impact 
of the weaning stress. A prototype Lactobacillus acidophilus fermentation product (FP; 
Diamond V, Cedar Rapids, IA) is believed to ameliorate weaning stress by providing metabolites 
that enhance intestinal health and encourage the establishment of commensal microorganisms in 
the intestinal tract. At the same time, lactose (LA), a carbohydrate commonly used in nursery 
diets (Pettigrew, 2006), provides a familiar source of available energy to the pig with the 
expectation of enhanced feed intake (Pierce et al., 2005) and improved growth performance 
(Tokach et al., 1989; Jin et al., 1998; Naranjo et al., 2010).  
Therefore, two studies were conducted to achieve two objectives: i) to evaluate the 
effects of FP with or without antibiotics on feed intake and growth performance of nursery pigs, 
and ii) to evaluate the effect of FP at two different LA levels on feed intake and growth 
performance of nursery pigs. We hypothesized that the FP enhance growth performance in 
nursery pigs.  
Materials and Methods 
All experimental procedures adhered to guidelines for the ethical and humane use of 
animals for research according to the Guide for the Care and Use of Laboratory Animals (FASS, 
2010) and were approved by the Institutional Animal Care and Use Committee at Iowa State 
University (2-14-7721S for Exp. 1 and 6-15-8042-S for Exp. 2). 
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Animals housing, handling and experimental design 
Similar experimental protocols were used in both experiments. Pigs (the progeny of PIC 
337 sires × C22 or C29 dams; PIC Inc, Hendersonville, TN) weaned at approximately 21 d of 
age were housed in a controlled environment nursery in group pens (Swine Nutrition Farm, Iowa 
State University; Ames, IA). Each pen (2.44 m × 1.22 m Exp. 1; 1.22 × 1.22 m, Exp. 2) was 
equipped with a four-space dry-feeder and a nipple drinker to provide an ad libitum access to 
feed and water. Room temperature was set at 29°C for the first 3 d following arrival; the 
temperature decreased 0.27°C each day thereafter until the nursery minimum temperature of 
24°C was achieved. Upon arrival, all pigs were vaccinated for porcine circovirus (Circumvent, 
Merck Animal Health, Summit, NJ), and E-coli (Arko Laboratories, Jewell, IA; only in Exp. 2). 
In Exp.1, a total of 424 nursery pigs (initial BW 5.81 ± 0.93 kg) were blocked by initial 
BW and then randomly assigned to 48 pens (12 blocks; 9 pigs per pen in blocks 1-2 and 8 pigs 
per pen in blocks 3-12). Pigs within a block had equal numbers of barrows and gilts. The 4 
dietary treatments (n=12 pens per treatment) represented a 2×2 factorial design: with (AB+) or 
without (AB-) therapeutic levels of antibiotics (440 mg of chlortetracycline hydrochloride /kg of 
diet [Aureomycin, Pfizer Animal Health, Madison, NJ], and 40 mg of tiamulin hydrogen 
fumarate/kg of diet [Denagard, Elanco, Greenfield, IN] from d 1 to 14, and no AB from d 22 to 
35) and with (FP+; 1.0 g of a prototype fermentation product per kg of diet from d 0 to 21, and 
0.5 g/kg from d 22 to 35) or without (FP-).  
In Exp. 2, a total of 260 nursery pigs (initial BW 5.67 ± 0.91 kg) were blocked by initial 
BW and randomly assigned to 52 pens (13 blocks; 5 pigs per pen). Pigs within a block had equal 
numbers of barrows and gilts. The 4 dietary treatments (n= 13 pens per treatment) represented a 
2×2 factorial design with a 7.5% LA feeding program (7.5% of LA inclusion d 0 to 7, and no LA 
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thereafter), versus a 15% LA feeding program (15% of LA inclusion from d 0 to 7, 7.5% 
inclusion from d 8 to 21, and no LA thereafter), and with FP+ versus without FP-, according to 
the feeding levels described for Exp. 1.  
All feeding programs (Exp. 1, Table 2.1; Exp. 2, Table 2.2) were developed to meet the 
nutrient requirements of nursery pigs (NRC, 2012) and were presented to the pigs across 3 
dietary phases. Phase 1 was fed from d 1-7, phase 2 from d 8-21, and phase 3 from d 22-35. The 
FP and AB (Exp. 1.) were added at the expense of corn. Lactose (Exp. 2) was added as an 
ingredient in the formulation, and nutrient levels were balanced to held constant. As a result, 
corn level decreased, and the addition of synthetic amino acids and monocalcium phosphate 
increased slightly (comparing between the 7.5 LA and the 15% lactose feeding program). Feed 
was provided to the pigs in mash form.   
Data collection and calculations 
Diets for both experiments were manufactured at the Iowa State University Swine 
Nutrition Farm feed mill. Other than corn and soybean meal, all ingredients were weighed using 
an analytical scale, which was calibrated with a standard weight. To ensure precision in mixing 
and homogeneity of the final mixed feed, the smaller quantity ingredients, including the FP, were 
thoroughly blended in a dough mixer (Model S-301; Hobart Corp., Troy, OH) and then added to 
the bulk mixer for final diet preparation. 
Pigs and feeders were individually weighed on d 0, 7, 14, 21, 28, and 35. Feed intake was 
recorded for the same periods, starting with d 0 to allow for the calculation of ADG, ADFI, and 
G:F. All animals removed from the trial were weighed and accounted for in these calculations. 
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Statistical analysis 
Data from Exp. 1 and Exp. 2 were analyzed according to the following model: 
𝑦 =  𝜇 + 𝜃 + 𝜆 + 𝜏 + (𝜃𝜆) + (𝜃𝜏) + (𝜆𝜏) + (𝜃𝜆𝜏) + 𝛿 +  𝜖  
where yijklm represents the observed value, μ is the overall mean, θ represents the fixed effect of 
AB for Exp. 1. (i = 1, 2; for AB- and AB+, respectively), or LA level for Exp. 2. (i = 1, 2; for LA 
7.5% and LA 15%, respectively), λ represents the fixed effect of FP (j =  1, 2  [FP-, and FP+, 
respectively]) for Exp. 1 and Exp. 2, τ represents the fixed effect of week (k = 1 to 5), θλ 
represents the interaction between AB and FP for Exp. 1 or between LA level and FP for Exp. 2, 
θτ represents the interaction between AB and week for Exp. 1 or between LA level and week for 
Exp. 2, λτ represents the interaction between FP and week for Exp. 1 and Exp. 2,  θλτ represents 
the interaction between AB, FP and week for Exp. 1 and between LA level, FP and week for 
Exp. 2, δ represents the random effect of block, and ϵ is the random error associated with yijklm 
assuming  δ ~Ν (0, σδ2 ) and ϵ ~Ν (0, σϵ2 ). 
The pen was the experimental unit for all analyses. The UNIVARIATE procedure of SAS 
version 9.3 (SAS Inst., Inc., Cary, NC) was used to verify the normality and homogeneity of the 
residual variance from the reported models. Data were analyzed as repeated measurements with 
week as the repeated effect. The heterogeneous auto-regressive 1 (ARH1) covariance structure 
was applied since variances were determined non-equal. Means of the main effect within each 
week were separated using the least square means statement and the slice = week option. The 
interactions between FP and AB (Exp. 1) and between LA and FP (Exp. 2) within each week 
were calculated using the lsmestimate statement. Differences were considered significant with P-
values ≤ 0.050, and P-values between 0.050 and 0.100 were considered trends.  
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Results 
Experiment 1 
A total of 7 pigs (1.65%) died or were removed from the study. Removals did not appear 
to be related to dietary treatment. 
There were no week × AB × FP interactions for any of the variables tested. Pig BW was 
not affected by the addition of FP, but there was a week × AB interaction (P = 0.048; Table 2.3); 
the addition of AB did not affect BW at d 7. However, there was a tendency of an AB × FP 
interaction at d 14 (P = 0.084); the AB+FP- tended to increase BW compared with AB-FP- and 
AB-FP+, whereas the AB+FP+ remained intermediate. In a similar way, an AB × FP interaction 
was observed at d 21 (P = 0.007); the pigs receiving AB+FP- were heavier compared with pigs 
receiving AB-FP- and AB-FP+, whereas AB+FP+ was intermediate. At d 28 and 35 pigs fed AB 
tended to have an increased BW (P = 0.060 and P = 0.097, respectively). Beyond the interaction 
and the tendency for an interaction at d 14 and 21 reported above, there were no effects of FP on 
pig BW. 
There were no week × AB or week × FP interactions for the BW SD and CV. 
Additionally, neither AB or FP impacted weekly BW SD or CV.  However, there was a tendency 
for an AB × FP interaction for overall BW SD and BW CV (P = 0.099 and P = 0.085 
respectively); the pigs fed AB-FP+ had increased BW SD and CV compared with AB-FP-, 
whereas pigs fed AB+FP- and AB+FP+ were intermediate. 
There were no week × AB ×FP, week × AB or week × FP interactions for ADG, ADFI 
and G:F (Table 2.4). The addition of AB tended to increase overall ADG (P = 0.084), whereas 
the addition of FP had no impact. Weekly data suggest that no effects of AB or FP on ADG were 
observed during d 0-7. However, there was a tendency for an AB × FP interaction for ADG on d 
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8-14 (P = 0.064); the pigs fed AB+FP- had increased ADG compared with AB-FP- and AB-FP+, 
whereas AB+FP+ was intermediate. Similarly, there was a tendency for an AB × FP interaction 
for ADG on d 15-21 (P = 0.060); the pigs fed AB+FP- had increased ADG compared with AB-
FP-, whereas AB-FP+ and AB+FP+ were intermediate. Neither AB nor FP had an impact on 
ADG on d 22-28 nor d 28-35.  
There were no effects of AB or FP on overall ADFI. Weekly data suggests no effects of 
AB or FP on ADFI from d 0-7 and d 8-14. However, there was a tendency for an AB × FP 
interaction for ADFI on d 15-21 (P = 0.099); the pigs fed AB+FP- ate more feed compared with 
AB-FP- and AB-FP+, whereas AB+FP+ was intermediate. No effects of AB or FP on ADFI 
were observed on d 22-28 or d 28-35. The addition of AB or FP did not impact G:F. Weekly data 
suggest that the addition of FP did not impact G:F from d 0-7, tended to decrease G:F from d 8-
14, and had no impact thereafter. 
Experiment 2 
A total of 7 pigs (2.7%) died or were removed from the study. Removals did not appear 
to be related to dietary treatment. 
There were no week × LA × FP, week × LA, and week × FP interactions for BW, BW 
SD, and BW CV (Table 2.5). The LA level did not affect BW, but adding FP tended to decrease 
BW (P = 0.092). Weekly data suggested no effects of FP on BW at d 7 or d 14. However, 
addition of FP tended to decrease BW at d 21 and 28 (P = 0.074 and P = 0.093, respectively). 
The addition of FP had no effect on BW at d 35. There were no effects of LA or FP on BW SD 
and BW CV. 
There was a tendency for a week × LA × FP interaction for ADG (P = 0.091). Weekly 
data suggest no effect of LA level or FP addition on ADG from d 0-7. However, there was a 
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tendency for an LA × FP interaction on d 8-14; the 7.5% LA FP- tended to increase ADG 
compared with the 7.5% LA FP+, whereas the 15% LA FP- and the 15% LA FP+ were 
intermediate. There were no effects of LA level or FP on ADG thereafter. 
There were no week × LA × FP, week × LA, or week × FP interactions for ADFI or G:F 
(Table 2.6). Additionally, there were no effects of LA level or the addition of FP on ADFI, nor 
were there any effects on overall G:F. Weekly data suggested no effect of LA level on d 0-7. 
However, there was a tendency of LA to decrease G:F on d 8-14 (P = 0.086). There were no 
effects of LA level on G:F thereafter. The addition of FP had no effect on G:F. 
Discussion 
Feed additives used in nursery diets converge with the common goal of improving the 
growth performance of weaned pigs. Each additive seeks to meet this goal through its own 
mechanism of action.  
The dietary ABs utilized in Exp. 1 included chlortetracycline hydrochloride, an 
antimicrobial synthesized by Streptomyces aureofacien that inhibits bacterial protein synthesis 
by preventing the association of aminoacyl tRNA with the bacterial ribosome (Chopra and 
Roberts, 2001; Agwuh and MacGowan, 2006). The other AB used was tiamulin hydrogen 
fumarate, a semisynthetic antimicrobial that blocks peptide bond formation in the 50S ribosomal 
subunit, thus inhibiting bacterial protein synthesis too (Schlünzen et al., 2004; Gürel et al., 2009). 
These ABs were historically added to enhance growth performance (Burch, 1984; Waititu et al., 
2015; Puls et al., 2019). Results from the Exp. 1 confirmed the advantage of this practice. 
Basically, the addition of chlortetracycline hydrochloride and tiamulin hydrogen fumarate during 
the first two weeks after weaning increased BW and tended to increase ADG during the overall 
experimental period. Although an elucidated mechanism of action of growth promotion has not 
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been established, two main possibilities have been proposed to explain this effect. First, the 
suppression of pathogenic species may decrease the energy expenditure devoted to immune 
activation and to the repair of the intestinal tissue. Second, that growth is favored by the reducing 
of the competence between the animal and its microbiota for nutrients. Despite this consistent 
advantage of using antibiotics in diets for pigs, clear evidence for antimicrobial resistance has led 
to new regulations in the use of antimicrobials (Barton, 2014). Further, customer pressure has 
increased the implementation of antibiotic free programs. However, restrictions in the use of 
antimicrobials as well as antibiotic free production bring an important challenge to make swine 
operations profitable. Therefore, the use of feed additives and ingredients with potential benefits 
to weaned pigs has become one of the most important strategies to overcome this challenge. 
The FP evaluated is the result of a unique proprietary anaerobic fermentation method. Its 
mode of action is related to the presence of metabolites with functional properties. In previous 
experiments, the FP has been shown to improve the growth performance of nursery pigs in diets 
with antibiotics (Frank et al., 2013; Bass and Frank, 2017). Results of Exp. 1 and Exp. 2 do not 
support the positive role of the FP on the growth performance of nursery pigs in diets with and 
without antibiotics.  
Lactose is a simple carbohydrate used as an energy source for weaned pigs (Xu R. J. 
2003). However, because of its cost, it is not normally added to meet energy specifications. 
Instead, LA inclusion is targeted as a specialty ingredient to serve the purpose of ameliorating 
the impact of the transition experienced by the weaned pig. As a familiar dietary component, LA 
may counteract the negative effect of weaning on feed intake by promoting appetite (Nessmith et 
al., 1997) and by providing rapidly available energy. Lactose has been showed to be effective in 
improving growth performance at higher levels (> 20%; Mahan et al., 2004; Kim et al. 2010), 
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mainly by improving ADFI. However, defining the effect of LA level within ranges that could be 
used in practice is still needed since published research using moderate LA levels remains 
inconclusive. Naranjo et al. (2010) reported an overall improvement in ADFI by adding LA (0% 
vs. 5 and 10%) but reported no differences between the 2 LA levels. In contrast, Kim and Allee 
(2001) and Molino et al. (2011; 15% and 0, 4, 8, and 12% of LA, respectively) showed no effect 
of LA level on growth performance or feed intake of nursery pigs. In Exp. 2 increasing the level 
of LA (from 7.5 to 15%) had no effect on the weekly and the overall feed intake and growth 
performance.  
An important factor to consider in a review of the literature on the effect of LA is the use 
of antibiotics; all the cited references on LA include antibiotics in the formulation. Indeed, 
O’Doherty et al. (2005) reported interactions between LA and antibiotics, suggesting that the 
effect of LA increases with the presence of antimicrobials. Therefore, it is necessary to test LA in 
both antibiotic-free and conventional diets.  Overall, this experiment suggests that increasing the 
LA level from (7.5 to 15%) does not seem to improve growth performance in antibiotic-free 
diets. 
In conclusion, the use of antibiotics improved the growth performance of nursery pigs as 
expected. In contrast, the addition of FP or increasing the level of LA (from 7.5 to 15%) were not 
effective strategies to improve these growth variables. 
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Table 2.1. Ingredient and calculated chemical composition of the feeding program used in Exp. 
1.1  
Item d 1-7  d 8-21 d 22-35 
Ingredients, %  
 Corn 43.49 53.44 63.69 
 Soybean meal 27.00 30.00 31.79 
 Whey powder 20.58 10.29 0.00 
 Fish meal 5.07 2.22 0.00 
 Soybean oil 1.50 1.14 1.09 
 L-Lys HCl 0.28 0.33 0.37 
 DL-Met 0.19 0.18 0.17 
 L-Thr 0.14 0.15 0.17 
 Monocalcium phosphate 0.39 0.72 0.99 
 Limestone 0.71 0.88 1.08 
 Salt 0.25 0.25 0.25 
 Vitamin premix2 0.25 0.25 0.25 
 Mineral premix3 0.15 0.15 0.15 
Calculated chemical composition, % as-is basis  
 DM, % 91.3 90.3 89.3 
 ME, Mcal/kg 3.42 3.37 3.35 
 NE, Mcal/kg 2.51 2.46 2.44 
 Crude protein, % 22.2 21.5 20.6 
 Ether extract, % 4.5 4.2 4.3 
 Lactose, % 15.0 7.5 0.0 
 SID4 Lys, % 1.38 1.32 1.25 
 SID Thr, % 0.86 0.82 0.78 
 SID Met + Cys, % 0.80 0.77 0.72 
 Ca, % 0.83 0.75 0.70 
 P total, % 0.68 0.64 0.60 
 STTD5 of P, % 0.45 0.39 0.34 
1This feeding program served to make one experimental diet and was the basis to make 3 
additional experimental diets to complete a 2×2 factorial design by adding a prototype 
Lactobacillus Acidophilus fermentation product (1.0g and 0.5 g of FP/kg of diet [Diamond V 
Mills, Cedar Rapids, IA] from d 0 to 21 and d 22 to 35, respectively),  antibiotics (440 mg of 
chlortetracycline hydrochloride /kg of diet [aureomycin, Pfizer Animal Health, Madison, NJ], 
and 40 mg of tiamulin hydrogen fumarate/kg of diet [denagard, Elanco, Greenfield, IN] from d 1 
to 14, and no antibiotics thereafter), or both of these products. 
2Provided per kg of diet: 7,600 IU of vitamin A; 875 IU of vitamin D3; 62 IU of vitamin E; 3.7 
mg of menadione (to provide vitamin K); 61 μg of vitamin B12; 14 mg of riboflavin; 34 mg of d-
pantothenic acid; and 70 mg of niacin.  
3Provided per kg of diet):  165 mg of Fe (ferrous sulfate); 165 mg of Zn (zinc sulfate); 39 mg of 
Mn (manganese sulfate); 2 mg of Cu (cooper sulfate); 0.3 ppm of I (calcium iodate); and 0.3 
ppm of Se (sodium selenite). 
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4SID = standardized ileal digestibility. 
5STTD = standardized total tract digestibility.
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Table 2.2. Ingredient and chemical composition of the 7.5% and the 15% lactose programs used 
in Exp. 21. 
  d 0-7  d 8-21  d 22-35 
Item 
Feeding  
programs 
7.5% 
lactose 
15% 
lactose 
 7.5% 
lactose 
15% 
lactose 
 Both 
programs 
Ingredients, %         
 Corn  58.58 51.00  66.53 58.96  64.16 
 Soybean meal  16.00 16.00  22.00 22.00  31.07 
 Fish meal  5.00 5.00  3.71 3.71  - 
 Casein  7.00 7.00  2.50 2.50  - 
 Lactose  7.50 15.00  - 7.50  - 
 Soybean oil  2.00 2.00  1.50 1.50  1.00 
 L-Lys HCl  0.39 0.41  0.40 0.42  0.41 
 DL-Met  0.17 0.19  0.14 0.16  0.14 
 L-Thr  0.17 0.19  0.15 0.16  0.14 
 L-Trp  0.02 0.02  0.02 0.02  0.02 
 Monocalcium phosphate  1.23 1.26  1.00 1.03  1.05 
 Limestone  0.78 0.78  0.90 0.89  1.11 
 Salt  0.75 0.75  0.75 0.75  0.50 
 Vitamin premix2  0.25 0.25  0.25 0.25  0.25 
 Mineral premix3  0.15 0.15  0.15 0.15  0.15 
Calculated chemical composition, % as-is basis      
 DM, %  90.3 90.9  89.5 90.1  89.3 
 ME, Mcal/kg  3.40 3.41  3.37 3.37  3.33 
 NE, Mcal/kg  2.56 2.60  2.49 2.53  2.43 
 Crude protein, %  22.3 21.7  20.9 20.3  20.3 
 Ether extract, %  5.0 4.7  4.8 4.6  4.2 
 Lactose, %  7.5 15.0  - 7.5  - 
 SID2 Lys, %  1.50 1.50  1.33 1.33  1.26 
 SID Thr, %  0.88 0.88  0.78 0.78  0.74 
 SID Met + Cys, %  0.82 0.82  0.73 0.73  0.69 
 Ca, %  0.85 0.85  0.80 0.80  0.72 
 P, %  0.73 0.71  0.67 0.66  0.61 
 STTD3 of P, %  0.42 0.45  0.40 0.40  0.35 
1The 7.5% lactose feeding program served to make one experimental diet, and was the basis to 
make an additional experimental diet by adding a prototype Lactobacillus Acidophilus 
fermentation product (1.0g and 0.5 g of FP/kg of diet [Diamond V Mills, Cedar Rapids, IA] from 
d 0 to 21 and 22 to 35, respectively), whereas, the 15% lactose feeding program served to make 
one experimental diet, and was the basis to make two additional experimental diets, by adding 
FP (in the regime described previously).  
2Provided per kg of diet: 7,600 IU of vitamin A; 875 IU of vitamin D3; 62 IU of vitamin E; 3.7 
mg of menadione (to provide vitamin K); 61 μg of vitamin B12; 14 mg of riboflavin; 34 mg of d-
pantothenic acid; and 70 mg of niacin.  
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3Provided per kg of diet):  165 mg of Fe (ferrous sulfate); 165 mg of Zn (zinc sulfate); 39 mg of 
Mn (manganese sulfate); 2 mg of Cu (cooper sulfate); 0.3 ppm of I (calcium iodate); and 0.3 
ppm of Se (sodium selenite). 
4SID = standardized ileal digestibility. 
5STTD = standardized total tract digestibility.
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Table 2.3. Effects of a prototype Lactobacillus Acidophilus fermentation product (FP) or dietary antibiotics (AB) on pig BW, SD and 
CV Exp.11 
     P-value 
 AB-  AB+   Week× 
Item  FP- FP+  FP- FP+ SEM AB FP  AB×FP Week AB FP AB×FP 
BW, kg              
  d 0 5.81 5.81  5.82 5.81 0.28 0.432 0.748 0.855     
  d 7 6.64 6.64  6.71 6.69 0.28 0.189 0.727 0.590     
  d 14 8.73yz 8.62y  8.93z 8.78yz 0.29 0.034 0.144 0.084     
  d 21 11.90b 11.84b  12.51a 12.23ab 0.32 0.001 0.268 0.007     
  d 28 15.21 15.06  15.62 15.48 0.35 0.060 0.515 0.259     
  d 35 18.60 18.68  19.00 19.45 0.44 0.097 0.451 0.305     
  Average 11.15 11.11  11.43 11.41 0.29 0.007 0.766 0.935 0.016 0.048 0.492 0.929 
BW SD, kg              
  d 0 0.14 0.15  0.15 0.15 0.02 0.561 0.803 0.895     
  d 7 0.34 0.45  0.40 0.40 0.04 0.970 0.179 0.314     
  d 14 0.71y 0.92z  0.90z 0.84yz 0.07 0.427 0.233 0.099     
  d 21 1.17 1.48  1.38 1.27 0.10 0.955 0.291 0.135     
  d 28 1.48 1.80  1.74 1.71 0.12 0.484 0.217 0.251     
  d 35 1.91 2.09  2.05 2.09 0.13 0.578 0.420 0.746     
Average 0.96y 1.15z  1.10yz 1.08yz 0.07 0.587 0.204 0.099 <0.001 0.588 0.702 0.269 
BW C.V, %               
  d 0 2.53 2.60  2.67 2.67 0.35 0.526 0.844 0.918     
  d 7 5.25 6.98  6.06 6.09 0.74 0.953 0.201 0.364     
  d 14 8.10 10.80  10.14 9.72 0.85 0.580 0.145 0.101     
  d 21 9.88 12.60  11.06 10.35 0.92 0.529 0.246 0.138     
  d 28 9.81 12.20  11.23 11.04 0.91 0.858 0.215 0.293     
  d 35 10.36 11.29  10.88 10.74 0.80 0.981 0.597 0.848     
  Average 7.66y 9.42z  8.67yz 8.43yz 0.65 0.979 0.189 0.085 <0.001 0.388 0.599 0.324 
a–b Means within a row with different superscripts significantly differ (P < 0.050). 
y-z Means within a row with different superscripts tend to differ (P > 0.050 but ≤ 0.100).  
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1n=12: AB+ = diets containing dietary antibiotics (440 mg of chlortetracycline hydrochloride /kg of diet; Pfizer Animal Health, 
Madison, NJ, and 40 mg of tiamulin hydrogen fumarate /kg of diet; Elanco, Greenfield, IN, from d 1 to 14 and no antibiotics 
thereafter), FP+ = diets containing  a prototype Lactobacillus Acidophilus fermentation product (1.0g and 0.5 g of FP/kg of diet 
[Diamond V Mills, Cedar Rapids, IA] from d 0 to 21 and 22 to 35, respectively). 
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Table 2.4. Effects of a prototype Lactobacillus Acidophilus fermentation product (FP) or dietary antibiotics (AB) on pig growth 
performance and feed efficiency Exp. 11. 
     P-value 
 AB-  AB+    Week× 
Item  FP- FP+  FP- FP+ SEM AB FP AB×FP Week AB FP AB×FP 
ADG, kg              
  d 0-7 0.119 0.118  0.127 0.125 0.006 0.176 0.737 0.569     
  d 8-14 0.299y 0.284y  0.324z 0.300yz 0.011 0.052 0.064 0.064     
  d 15-21 0.448x 0.465xy  0.512z 0.493yz 0.018 0.012 0.955 0.060     
  d 22-28 0.473 0.450  0.439 0.464 0.018 0.575 0.943 0.550     
  d 29-35 0.498 0.518  0.484 0.568 0.040 0.651 0.199 0.473     
  Average 0.367 0.366  0.377 0.390 0.010 0.084 0.515 0.495 <0.001 0.171 0.348 0.434 
ADFI, kg              
  d 0-7 0.143 0.145  0.152 0.150 0.005 0.109 0.550 0.293     
  d 8-14 0.383 0.376  0.399 0.389 0.008 0.211 0.501 0.560     
  d 15-21 0.619y 0.626y  0.685z 0.659yz 0.014 0.015 0.626 0.079     
  d 22-28 0.785 0.758  0.780 0.783 0.017 0.678 0.609 0.845     
  d 29-35 0.966 0.979  0.918 0.985 0.037 0.688 0.452 0.803     
  Average 0.576 0.576  0.586 0.593 0.018 0.481 0.948 0.844 <0.001 0.100 0.734 0.487 
G:F              
  d 0-7 0.830 0.813  0.830 0.831 0.017 0.934 0.898 0.847     
  d 8-14 0.782 0.758  0.816 0.769 0.014 0.267 0.080 0.204     
  d 15-21 0.721 0.744  0.747 0.749 0.009 0.144 0.246 0.211     
  d 22-28 0.603 0.595  0.560 0.594 0.011 0.126 0.368 0.155     
  d 29-35 0.508 0.527  0.524 0.581 0.018 0.156 0.130 0.182     
  Average 0.689 0.687  0.691 0.705 0.008 0.154 0.376 0.250 <0.001 0.232 0.090 0.215 
x-zMeans with different superscripts tend to differ (P > 0.050 but ≤ 0.100). 
1n=12: AB+ = diets containing dietary antibiotics (440 mg of chlortetracycline hydrochloride /kg of diet; Pfizer Animal Health, 
Madison, NJ, and 40 mg of tiamulin hydrogen fumarate /kg of diet; Elanco, Greenfield, IN, from d 1-14 and no antibiotics thereafter), 
FP+ = diets containing a prototype Lactobacillus Acidophilus fermentation product (1.0g and 0.5 g of FP/kg of diet [Diamond V Mills, 
Cedar Rapids, IA] from d 0 to 21 and 22 to 35, respectively).
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Table 2.5. Effect of lactose (LA) level and a prototype Lactobacillus Acidophilus fermentation product (FP) on pig BW, SD and CV 
Exp. 21 
     P-value 
 7.5% LA  15% LA    Week× 
Item  FP- FP+  FP- FP+ SEM LA FP  LA×FP Week LA FP LA×FP 
BW, kg              
  d 0 5.67 5.67  5.66 5.65 0.25 0.502 0.908 0.913     
  d 7 6.40 6.34  6.40 6.41 0.26 0.635 0.725 0.917     
  d 14 7.68 7.34  7.55 7.49 0.28 0.954 0.141 0.348     
  d 21 10.09 9.55  9.97 9.80 0.32 0.744 0.074 0.246     
  d 28 13.63 12.87  13.24 13.10 0.36 0.760 0.093 0.228     
  d 35 17.96 17.35  17.78 17.30 0.42 0.727 0.111 0.433     
  Average 10.23 9.85  10.10 9.95 0.29 0.914 0.092 0.428 <0.001 0.729 0.261 0.404 
BW SD, kg              
  d 0 0.26 0.23  0.24 0.22 0.03 0.438 0.314 0.647     
  d 7 0.42 0.40  0.35 0.42 0.06 0.633 0.747 0.793     
  d 14 0.72 0.59  0.60 0.67 0.08 0.422 0.675 0.638     
  d 21 1.03 0.89  0.95 1.14 0.10 0.320 0.822 0.350     
  d 28 1.32 1.31  1.37 1.60 0.13 0.179 0.374 0.334     
  d 35 1.66 1.61  1.63 1.86 0.17 0.521 0.634 0.731     
  Average 0.90 0.84  0.89 0.98 0.08 0.514 0.698 0.219 <0.001 0.575 0.512 0.641 
BW C.V, %               
  d 0 4.60 4.33  4.33 3.96 0.62 0.452 0.449 0.758     
  d 7 6.71 6.34  5.63 6.60 0.98 0.631 0.732 0.812     
  d 14 9.67 8.13  8.20 8.93 1.18 0.756 0.712 0.721     
  d 21 10.47 9.55  9.81 11.56 1.13 0.516 0.687 0.521     
  d 28 9.97 10.28  10.60 12.27 1.07 0.969 0.311 0.351     
  d 35 9.35 9.30  9.33 10.84 1.12 0.458 0.475 0.646     
  Average 8.46 7.99  7.98 9.02 0.85 0.699 0.691 0.264 <0.001 0.548 0.447 0.713 
1n=13; 7.5% LA = 7.5% LA feeding program (7.5% of LA from d 1-7, and no LA thereafter), 15% LA, =  15% LA program (15% of 
LA from d 1-7, 7.5% of LA from d 8-21, and no LA thereafter), FP+ = a prototype Lactobacillus Acidophilus fermentation product 
(1.0g and 0.5 g of FP/kg of diet [Diamond V Mills, Cedar Rapids, IA] from d 0 to 21 and 22 to 35, respectively). 
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Table 2.6. Effect of lactose level (LA), and a prototype Lactobacillus Acidophilus fermentation product (FP) on growth performance 
of nursery pigs, Exp. 2. 
     P-value 
 7.5% LA  15% LA    Week× 
Item  FP- FP+  FP- FP+ SEM LA FP  LA×FP Week LA FP LA×FP 
ADG, kg              
  d 0-7 0.104 0.096  0.106 0.108 0.009 0.372 0.635 0.698     
  d 8-14 0.184z 0.144y  0.163yz 0.156yz 0.011 0.675 0.032 0.078     
  d 15-21 0.345 0.317  0.347 0.324 0.017 0.782 0.121 0.464     
  d 22-28 0.498 0.473  0.466 0.471 0.017 0.294 0.541 0.504     
  d 29-35 0.613 0.640  0.649 0.600 0.020 0.784 0.464 0.298     
  Average 0.350 0.333  0.346 0.332 0.010 0.727 0.090 0.925 <0.001 0.506 0.388 0.091 
ADFI, kg              
  d 0-7 0.132 0.125  0.138 0.134 0.008 0.365 0.483 0.711     
  d 8-14 0.239 0.206  0.239 0.232 0.012 0.288 0.111 0.190     
  d 15-21 0.485 0.436  0.477 0.465 0.020 0.616 0.147 0.365     
  d 22-28 0.736 0.687  0.703 0.694 0.025 0.614 0.261 0.538     
  d 29-35 0.959 0.967  0.963 0.972 0.031 0.694 0.585 0.784     
  Average 0.510 0.484  0.506 0.491 0.016 0.946 0.232 0.729 <0.001 0.561 0.422 0.112 
G:F              
  d 0-7 0.778 0.756  0.772 0.797 0.037 0.637 0.959 0.888     
  d 8-14 0.764 0.705  0.685 0.668 0.033 0.086 0.262 0.204     
  d 15-21 0.711 0.724  0.725 0.694 0.016 0.635 0.590 0.518     
  d 22-28 0.677 0.691  0.663 0.678 0.011 0.253 0.202 0.399     
  d 29-35 0.648 0.661  0.667 0.646 0.010 0.759 0.605 0.305     
  Average 0.715 0.707  0.703 0.697 0.010 0.259 0.491 0.930 <0.001 0.426 0.491 0.461 
y-zMeans with different superscripts tend to differ (P > 0.050 but ≤ 0.100). 
1n=13; 7.5% LA = 7.5% LA feeding program (7.5% of LA from d 1-7, and no LA thereafter), 15% LA, =  15% LA program (15% of 
LA from d 1-7, 7.5% of LA from d 8-21, and no LA thereafter), FP+ = a prototype Lactobacillus Acidophilus fermentation product 
(1.0g and 0.5 g of FP/kg of diet [Diamond V Mills, Cedar Rapids, IA] from d 0 to 21 and 22 to 35, respectively.
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Abstract 
The objective of this study was to determine the effects of lactose (LA) and a prototype 
Lactobacillus acidophilus fermentation product (FP) on growth performance, diet digestibility, 
N balance and intestinal function of weaned pigs. Thirty-five newly weaned pigs (approximately 
21 days of age; initial BW = 5.20 ± 0.15 kg) were housed in metabolism crates and assigned to 1 
of 4 treatments (n=7 pigs per treatment) corresponding to a 2 × 2 factorial design: with (LA+; 
15% inclusion) or without (LA-) lactose, and with (FP+) or without (FP-) the prototype 
fermentation product (1g of FP/kg of diet; Diamond V, Cedar Rapids, IA). Feed and water were 
provided ad-libitum. At d 5, pigs were orally given lactulose and mannitol to assess small 
intestinal permeability. Fecal samples were collected on d 5-9 to determine the ATTD of DM, 
GE, and N. Total urine output and fecal samples were collected on d 10-13 to determine N 
retention. At d 15, all pigs were euthanized to collect intestinal lumen and tissue samples. Data 
were analyzed for the main effects of LA and FP and their interaction using the MIXED 
procedure of SAS. Lactose improved ADFI (P = 0.017), the ATTD of DM (P = 0.014), the 
ATTD of GE (P = 0.028), N retention (P = 0.043), and tended to increase the butyric acid 
concentration in the colon (P = 0.062). The FP tended to increase the digestibility of N (P = 
0.090). Neither LA nor the FP affected intestinal barrier function or inflammation markers. The 
interaction between LA and FP affected intestinal morphology: in the jejunum, pigs fed LA+FP- 
had increased villus height compared with those fed LA+FP+ and LA-FP-, whereas LA+FP+ 
was intermediate (interaction P = 0.034). At the terminal ileum, pigs fed LA-FP+ and LA+FP- 
had increased villus height and villus: crypt compared with those fed LA-FP-, whereas LA+FP+ 
was intermediate (interaction P = 0.007 and P = 0.007, respectively). In conclusion, the addition 
of LA brings important nutritional attributes to nursery diets by improving feed intake, 
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digestibility of DM and GE, and the nitrogen retention of weaned pigs; however, the functional 
capacity of LA to improve markers of intestinal function is limited. On the other hand, the FP 
showed only a mild increase in the digestibility of N but a limited capacity to improve markers 
of intestinal function. 
Key words: intestinal morphology, intestinal permeability, intestinal enzymes, weaning stress, 
nursery pigs. 
Introduciton 
Weaning is one of the most difficult transitions in the life of a pig and greatly impacts the 
productivity of swine operations. Exposure to human handling, a new physical environment, a 
different diet, and new social interactions can result in reduced feed intake, decreased growth, 
and an increased incidence of disease (Jones et al., 2012; McLamb et al., 2013). The response of 
the intestinal mucosa to weaning is a particularly important concern (Smith et al., 2009). As an 
immature tissue in the young pig, it suffers some degree of inflammation and dysfunctionality in 
response to the new antigens, dietary components, and social stressors (Boudry et al., 2004; Pié 
et al., 2004; Li et al., 2019).  
Feed has tremendous potential to improve the weaning transition because it is the most 
practical means of delivering substances with beneficial nutritional and functional properties to 
the pig. Although dietary antibiotics have been effectively used to control and prevent disease of 
nursery pigs, antibiotic resistance, and consumer pressure have demanded a reduction in their 
use. Therefore, the evaluation of products and dietary components with functional and nutritional 
properties is increasingly important. 
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Lactose (LA) is a common carbohydrate in nursery diets as it provides a familiar source 
of available carbohydrate and induces the production of volatile fatty acids (VFA) in the large 
intestine (Pierce et al., 2006). On the other hand, a prototype Lactobacillus Acidophilus 
fermentation product (FP; Diamond V, Cedar Rapids, IA) is believed to provide metabolites that 
enhance intestinal health and the establishment of commensal microorganisms.  
The objective of this study was to identify and characterize the beneficial effects of 
lactose and the FP in nursery pig diets with an emphasis on intestinal function. We hypothesized 
that LA and FP would ameliorate some of the adverse effects of the weaning transition by 
promoting digestion and decreasing markers of intestinal dysfunction. 
Materials and Methods 
All experimental procedures adhered to guidelines for the ethical and humane use of 
animals for research according to the Guide for the Care and Use of Laboratory Animals (FASS, 
2010) and were approved by the Institutional Animal Care and Use committee at Iowa State 
University (number 7-15-8049-S). 
Animals housing and experimental design 
A total of 28 barrows (5.22 ± 0.15 kg BW; the progeny of C22 or C29 sows × 337 
terminal sires; PIC Inc., Hendersonville, TN) were blocked by initial BW (7 blocks) and 
randomly assigned to individual metabolism crates within block. Crates were randomly assigned 
to 1 of 4 dietary treatments (n=7 pigs per treatment) corresponding to a 2 × 2 factorial design: 
with (LA+; 15% inclusion) or without (LA-) lactose, and with (FP+) or without (FP-) the 
prototype fermentation product (1g of FP/kg of diet; Diamond V, Cedar Rapids, IA). 
72 
 
 
 
Diets were manufactured in mash form at the Swine Nutrition Farm feed mill (Iowa State 
University; Ames, IA; Table 3.1).  Dietary levels of amino acids, vitamins, and minerals were 
set to meet the nutrient requirements of nursery-aged pigs (NRC, 2012). Titanium dioxide was 
added at 0.4% to all diets as an indigestible marker.  
Pigs were housed in a controlled environment facility. Each metabolism crate (0.53 × 
0.71 m) was equipped with a fully slatted floor, a stainless-steel feeder, and a cup drinker. Pigs 
had ad libitum access to feed and water during the entire experimental period (15 d).  
Sample collection 
To measure in vivo gut permeability, all pigs were fasted for 6 h and then orally dosed on 
d 5 with a solution of 0.300 g lactulose/kg BW and 0.030 g mannitol/kg BW (Sigma-Aldrich, St 
Louis, MO). Urine was collected for the following 12 h in a plastic jug located under the crate 
after the administration of the lactulose/mannitol solution. Before urine collections, 5 drops of 
chlorhexidine gluconate 20% (weight/volume; Sigma-Aldrich, St Louis, MO) were added to 
each jug to inhibit bacterial activity. After collection, total urine output was weighed, 
homogenized, and filtered using fiber glass wool; a 3 mL aliquot of urine sample was collected 
and stored at -20°C for later analysis. 
In support of determining digestibility and N balance, and to ensure acquisition of 
samples fully representative of the total batch, 10 feed samples were collected from the feed mill 
at the time of diet preparation; these samples were thoroughly homogenized, pooled into one 
subsample and ground through a 1 mm screen in a Retsch grinder (Model ZM1, Retsch Inc., 
Newton, PA). Total fecal output was collected twice daily from d 5 to 8 and d 10 to 13 and 
stored at -20°C. Once collected, fecal samples were thawed, homogenized, subsampled, dried in 
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an oven at 65°C to constant weight (Jacobs et al., 2011), and ground through a 1 mm screen in a 
Wiley grinder (Model ED-5, Thomas Scientific Inc., Swedesboro, NJ). Ground fecal and feed 
samples were stored in plastic bags in desiccator cabinets until assays were completed. 
For N balance, total urine output was collected twice daily during d 10 to 13 (96 h) into 
plastic jugs containing 5 ml of 6 N hydrochloric acid, added before each collection to minimize 
N losses due to volatilization of ammonia-N. Total urine output was weighed and stored at -
20°C. At the end of the collection period, urine was homogenized and filtered prior to N 
analysis. Urine samples were aliquoted into 250 mL plastic bottles and stored at -20°C until 
chemical analyses were performed. In the determination of N balance, only the d 10 to 13 fecal 
samples were utilized to correspond with the urine samples as described above. 
All pigs were euthanized on d 15 by captive bolt stunning followed by exsanguination. 
After euthanasia, each pig was dissected, and the entire intestinal tract was removed. Samples 
(~20 cm sections long) of the proximal jejunum (taken 100 cm from the pyloric sphincter), the 
distal ileum (taken 30 cm from the ileocecal valve), and the mid colon were removed and gently 
flushed with ice-cold Krebs buffer. One segment of the jejunum and ileum samples were snap-
frozen in liquid nitrogen and stored at -80°C until further analysis. Additionally, subsamples of 
jejunum, ileum, and colon were fixed for 24 h in 10% neutral buffered formalin and then 
transferred to 75% alcohol for later morphology and histochemistry analysis. Approximately 20 
mL of intestinal contents from the mid-section of the colon were snap-frozen in liquid N and 
stored at -80°C.  
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Digestibility, nitrogen balance analysis, and urinary lactulose and mannitol  
Feed, fecal, and urine samples were analyzed at the Monogastric Nutrition Laboratory 
(Iowa State University-Ames, IA). Feed (Table 3.2) and fecal samples were assayed for DM 
(method 930.15; AOAC, 2007). Gross energy was determined using a Parr model 6200 
isoperibolic bomb calorimeter (Parr Instrument Co., Moline, IL); benzoic acid (6,318 kcal 
GE/kg; Parr instruments, Moline, IL) was used as a standard for calibration and was determined 
to contain 6,319 ± 1 kcal GE/kg. Titanium dioxide was determined colorimetrically using a 
Synergy 4 spectrophotometer (BioTek, Winooski, VT) according to the method of Leone (1973). 
Additionally, feed samples were assayed for acid hydrolyzed ether extract (AEE; method 
2003.06, AOAC International, 2007) using a SoxCap SC 247 hydrolyzer and a Soxtec 255 
semiautomatic extractor, (FOSS North America, Eden Prairie, MN). The N content of the feed, 
fecal, and urine samples was determined by thermo-combustion (method 990.03, AOAC 
International, 2007; Leco TruMac N, LECO Corporation, St. Joseph, MI). The standard for 
calibration was EDTA (9.56% N; Leco Corporation, St. Joseph, MI) and determined to contain 
9.56 ± 0.01% N). 
Urinary lactulose and mannitol concentrations were determined by HPLC with known 
standard solutions according to the method described by Kasangra et al. (2006). 
Intestinal morphology and histochemistry analysis  
Fixed jejunum, ileum, and colon samples were prepared and stained at the Veterinary 
Diagnostic Laboratory (Iowa State University, Ames IA). Each sample was sliced into 5 μm 
sections. The jejunum and ileum sections were stained using the hematoxylin and eosin 
procedure, whereas colon samples were stained with the alcian blue-periodic acid-Schiff (AB-
PAS) procedure (Mowry, 1963) to distinguish between neutral and acidic mucin types in colon 
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crypts. The neutral mucin was stained magenta, and acidic mucin was stained blue. The mixture 
of neutral-acidic mucins showed purple, magenta-purple, or blue-purple colors in goblet cells.  
Images of intestinal mucosa were captured using a light microscope (DMI3000 B 
Inverted Microscope, Leica Microsystems, Bannockburn, IL) with an attached camera (12-bit 
QICAM Fast 1394, QImaging, Surrey, BC, Canada). Individual images of villi and crypts were 
taken using Q-capture Pro 6.0 software (QImaging, Surey, BC) and measured using Image-Pro 
Plus 7.0 (Media Cybernetics, Bethesda, MD). Images were measured using Image J software, 
version 1.48s (Rasband W, National Institutes of Health, MD). The villus height was measured 
from the tip of the villus to the crypt-villus junction, and the crypt depth was measured from the 
crypt–villus junction to the base of the crypt. At least 10 well-defined villi and associated crypts 
from each sample of each intestinal segment were measured; averages were then calculated and 
reported as one number per pig. The mucin area was calculated as a percentage of the total 
mucosal tissue area in each image.  
 
Enzyme activity and secretory IgA (S-IgA) 
Mucosal scrapings (~0.5 g) of the jejunum and ileum were added to 4.5 mL of PBS 
buffer containing a protease inhibitor cocktail (SKU, P8340; Sigma-Aldrich, St. Louis, MO) and 
triton (0.1%). The resulting solution was homogenized and centrifuged at 10,000 × g for 15 min 
at 4°C. The supernatant was extracted and stored in aliquots. The total protein concentration of 
hydrolyzed mucosa scrapings was quantified using a Pierce Bicinchoninic Acid Protein Assay 
Kit (BCA; Thermo Scientific, Woltham, MA). Disaccharidase activity was determined according 
to Dahlqvist (1964) using lactose, maltose, and sucrose as substrates. Alkaline phosphatase 
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activity was determined using a porcine alkaline phosphatase assay kit (ABCAM, Cambridge, 
MA). Enzyme activity was expressed as μmol hydrolyzed substrate×min-1×g tissue protein-1. The 
concentration of S-IgA was determined using a porcine IgA ELISA kit (E101-102; Bethyl 
Laboratories, Inc., Montgomery, TX), following manufacturer’s directions.  
Ribonucleic acid extraction and real time polymerase reaction 
Ribonucleic acid was extracted from frozen jejunal and ileal tissues according to the 
Trizol protocol (Invitrogen, Grand Island, NY). The purity and quantity of RNA were 
determined by spectrophotometry using a Nanodrop 1000 instrument (NanoDrop Technologies, 
Rockland, DE). The purity was assessed by determining the ratio of the absorbance at 260 and 
280 nm (all samples had absorbance ratios above 1.8). One microgram of RNA was transcribed 
in a reaction combining genomic DNA elimination using a commercially available kit 
(Quantitect reverse transcription kit; Qiagen Inc., Valencia, CA). The resulting cDNA was 
quantified using a NanoDrop 1000 instrument and applied to quantitative real-time PCR (qPCR). 
The qPCR was completed using a BioMark HD system (Fluidigm Corporation, San Francisco, 
CA). No reverse transcriptase control samples were included in the extraction process to assure 
no genomic DNA contamination. Complementary DNA was used for specific target 
amplification using the TaqMan PreAmp Master Mix (Life Technologies, Carlsbad, CA) and 
loaded onto Fluidigm’s Dynamic Array Integrated Fluidic Circuits according to Fluidigm’s 
EvaGreen DNA binding dye protocols. Gene symbols and primer sequences are listed in Table 
3.3. One 48.48 Dynamic Array, Integrated Fluidic Circuit plate, was used to analyze mRNA 
abundance of selected genes in porcine jejunal and ileal tissues. To select an endogenous 
reference gene, ribosomal protein L19 (RPL19) was included in the qPCR array. 
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Volatile fatty acid concentration 
In preparation for VFA analysis, 1.0 g of colon contents were mixed with 2.5 g of 
purified water, and 1 mL was extracted from the homogenized solution. Then 0.2 mL of 25% 
metaphosphoric acid (used to deprotonize the samples) and 0.1 mL of 4-methylvaleric acid (as 
an internal standard) were added to the extracted homogenate. These samples were centrifuged at 
12,000 × g for 25 min, and the supernatant was removed for analysis. Volatile fatty acids were 
determined using a model 3900 gas chromatograph fitted with a CP 8400 automatic injector 
(Varian Analytical Instruments, Walnut Creek, CA) using a 30 m, 0.25 mm, 0.25 μm column 
(DB-FFAP, Agilent, Santa Clara, CA). Helium was used as carrier gas. Purified VFA samples 
(Sigma-Aldrich, St. Louis, MO) were used for the identification of VFA peaks. 
Calculations  
Individual pig weights and feed disappearance were measured on d 0 and 14 to calculate 
ADG, ADFI, and G:F. Apparent total tract digestibility (ATTD) of DM, GE, and N was 
calculated using the following equation (Oresanya et al., 2008):  
ATTD, % = [100 – [100 × (% TiO2 in feed / % TiO2 in feces) × (concentration of component in 
feces / concentration of component in feed)]] 
Nitrogen intake (g/d) was calculated by multiplying the percentage of N in the feed (DM basis) 
by DM feed intake (g/d); N excreted in the urine was calculated by multiplying the average daily 
urine weight (kg/d) by the average urinary N concentration (%). Nitrogen excreted in feces (g/d) 
was calculated by multiplying daily N intake minus the product of multiplying N intake times the 
ATTD of N (%). Total N excretion (g/d) was calculated as the sum of daily N excreted in urine 
and feces. Finally, N retention was calculated as daily N intake minus daily N excretion. Protein 
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retention was calculated as N retention (g/d) × 6.25 divided by the ADG (g/d). All N balance 
variables were calculated using data from samples collected on d 10 to 14.  
Lactulose and mannitol recoveries (%) were calculated as the amount of these sugars 
excreted (g/d) in the urine (calculated as total urine weight [g] times lactulose or mannitol 
concentration [%]) divided by the amount of lactulose or mannitol given (g/d) orally times 100. 
Lactulose:mannitol ratio was calculated by dividing lactulose recovery by mannitol recovery 
(Musa et al., 2019). 
Plates for PCR analysis were balanced so that an equal number of treatments were 
represented on each plate. Additionally, a pooled control sample representative of all treatment 
groups was run on each gene as an internal control. Normalized expression (ΔCt) for each 
sample was determined using RPL19 as an endogenous housekeeping gene. The average 
normalized expression of the pooled control sample was used as the calibrator to calculate 
relative gene expression (Livak and Schmittgen, 2001). For each sample, relative expression was 
calculated as 2–ΔΔCt, in which ΔΔCt represents ΔCt sample – ΔCt calibrator (Livak and 
Schmittgen, 2001). 
Statistical analysis 
Data were analyzed using the following model: 
𝑦 =  𝜇 + 𝜏 + 𝜆 + (𝜏𝜆) + 𝛿 +  𝜖  
where yijkl represents the observed value, μ is the overall mean, τ represents the fixed effect of 
LA (i = 1, 2 [LA- and LA+, respectively]), λ represents the fixed effect of FP (j =  1, 2  [FP- and 
FP+, respectively]),  τλ represents the interaction between LA and FP, δ represents the random 
effect of block (k = 1 to 7), and ϵ is the random error associated with yijkl (l = 1 through 7) 
assuming  δ ~Ν (0, 𝜎  ) and ϵ ~Ν (0, 𝜎  ).  
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The pig was the experimental unit for all analyses. The UNIVARIATE procedure of SAS 
version 9.3 (SAS Inst., Inc., Cary, NC) was used to verify the normality and homogeneity of the 
residual variance from the reported models. Jejunal and ileal mucosa S-IgA, mannitol, and 
lactulose recovery and lactulose:mannitol ratio variables were analyzed and reported after log-
transformation to satisfy normality. The models were analyzed using the MIXED procedure of 
SAS. Differences were considered significant with P-values ≤ 0.050, and P-values between 
0.050 and 0.100 were considered trends.  
Results  
Growth performance, digestibility and nitrogen balance 
Evaluating the impact of dietary treatments on growth performance in metabolism crates 
is difficult, due to the typically small number of animals and the conditions which differ 
substantially from normal housing. Nonetheless, it is useful to do so to provide an understanding 
of the state of the animal under which other measurements were recorded.  
No interactions between LA and FP were observed for initial BW, final BW, growth 
performance, digestibility, or nitrogen balance variables. Therefore, the results of these variables 
are presented as main effects. By design, the initial BW was not affected by the addition of LA 
or FP (Table 3.4). Similarly, final BW (d 14) and ADG were not affected by the addition of LA 
or the FP. Although there was no effect of FP on ADFI, pigs fed LA had increased ADFI (P = 
0.017).  
The addition of LA improved the ATTD of DM and GE (P = 0.014 and P = 0.028, 
respectively; Table 3.5). However, the addition of the FP did not affect the ATTD of DM or GE. 
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There were no effects of LA on the ATTD of N. However, the addition of the FP tended to 
increase the ATTD of N (P = 0.090).  
The addition of LA tended to increase N intake (P = 0.080), whereas no effect of FP was 
observed (Table 3.6). In contrast, the FP tended to decrease N excretion (P = 0.060), whereas 
LA did not affect N excretion. When N excretion was partitioned into fecal or urinary 
components, the addition of LA increased fecal N excretion (P = 0.017), while FP decreased it 
(P = 0.044). The addition of lactose decreased urinary N and increased the overall N retention (P 
= 0.006 and P = 0.043, respectively). The addition of FP did not affect urinary N excretion or 
overall N retention, expressed as g/d.  
The addition of LA decreased the percentage of N excreted. There was no effect of LA 
on the percentage of N excreted in the feces, but it decreased the percentage of N excreted in the 
urine (P = 0.002). As a result, the addition of LA increased the percentage of N retained (P = 
0.043). The addition of FP had no effect on the total percentage of N excreted, or the percentage 
of N excreted in the urine and the feces. Consequently, the addition of FP had no effect on the 
percentage of N retained. The addition of LA increased the protein retained as a percentage of 
ADG (P = 0.020), whereas FP tended to increase the protein retained as a percentage of ADG (P 
= 0.053). The protein retained expressed as a percentage of ADG is a useful standard to validate 
N retention data - it should be in the range of 15 to 18% for pigs of this age – and is also a very 
good indicator of the lean gain in the pigs. 
Intestinal morphology, mucin staining area and concentration of S-IgA  
The morphology of the small intestine was affected by the interaction between LA and 
FP, so individual treatment means are presented. In the jejunum, pigs fed LA+FP- had increased 
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villus height compared with those fed LA+FP+ and LA-FP-, whereas LA+FP+ was intermediate 
(Table 3.7; interaction P = 0.034). In the terminal ileum, pigs fed LA-FP+ and LA+FP- had 
increased villus height compared with those fed LA-FP-, whereas LA+FP+ was intermediate 
(interaction P = 0.007). Although neither LA nor FP altered villus:crypt ratio in the jejunum, an 
interaction between LA and FP affected villus;crypt ratio in the ileum; pigs fed LA-FP+ and 
LA+FP- had increased villus villus:crypt ratio compared with those fed LA-FP-, whereas 
LA+FP+ was intermediate (interaction P = 0.007). Neither LA nor FP affected crypt depth at the 
jejunum or at the ileum.   
In the mid-colon, there were no effects of LA or FP on crypt depth, the number of goblet 
cells per crypt, or the percentage of acid or mixed mucins. However, there was an interaction 
between LA and FP on the percentage of neutral mucins: pigs fed LA-FP- and LA+FP+ had an 
increased percentage of neutral mucins compared with those fed LA-FP+, whereas LA+FP- was 
intermediate (interaction P = 0.010).   
The concentration of S-IgA was affected by the interaction of LA and FP. Pigs fed LA-
FP- had increased levels of mucosal S-IgA compared with the other three treatments (interaction 
P = 0.005). However, neither LA nor FP impacted the concentration of S-IgA at the terminal 
ileum. 
Small intestine permeability, enzymatic activity and transcript abundance of tight junction 
proteins and cytokines 
There were no main effects or interactions of LA or FP on mannitol recovery, lactulose 
recovery, or in the lactulose:mannitol ratio (Table 3.8). Similarly, activities of lactase, sucrase, 
maltase, or alkaline phosphatase were not affected by the addition of LA or FP (Table 3.9). 
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Likewise, gene transcript abundance of tight junction protein genes (occludin and claudin-3; 
Table 3.10) in the jejunum and terminal ileum, and ileal cytokines (tumor necrosis factor alpha, 
and the interleukins 6, 10, 17 and 22) were not affected by the addition of LA or FP. 
Volatile fatty acid concentrations in the colon 
Although LA had no effect, the addition of FP decreased the concentration of acetic acid 
in the colon (Table 3.11; P = 0.022). Neither LA nor FP affected the concentration of propionic 
acid. Pigs fed LA tended to increase butyric acid concentration (P = 0.062), but there was no 
effect when adding FP. There were no effects of LA or FP on the concentration of branched 
chain fatty acids (iso-butyric, iso-valeric, and valeric acid). Pigs fed LA tended to increase total 
VFA (P = 0.099), whereas the addition of FP decreased total VFA concentration in colonic 
contents (P = 0.048). 
When VFAs were looked as proportions of the total concentration, the percentages of 
acetic, propionic, butyric and valeric acid were not affected by the addition of LA or FP. 
However, LA and FP tended to interact for the percentages of branched chain fatty acids; pigs 
fed LA-FP+ tended to have increased percentages of isobutyric and isovaleric acid compared 
with LA-FP- and LA+FP+, whereas LA+FP- was intermediate (interaction P = 0.069 and P = 
0.099, respectively). 
Discussion 
One of the most important strategies to ameliorate the impact of weaning stress is the use 
of specialty ingredients and feed additives targeted to possess nutritional as well as functional 
properties. The primary target of these functional properties is the gastrointestinal tract. The first 
experimental approach hereinwas to evaluate the effect of LA and FP on digestibility and N 
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retention while at the same time monitoring feed intake and growth performance. These would 
represent key outcomes that would potentially be improved if negative effects of weaning are 
reduced; more specifically, the consumption of specialty ingredients may ameliorate stress on the 
intestinal tract. 
Post-weaning anorexia has profound negative effects on the growth and health of nursery 
pigs (Spreeuwenberg et al., 2001) and is the main factor affecting subsequent growth 
performance (Jones et al., 2012). Therefore, dietary compounds that stimulate appetite are highly 
desirable. Lactose is the primary dietary carbohydrate consumed before weaning (~5% in sow 
milk; Rosero et al., 2015) and is believed to be highly palatable to the nursery pig. Results of this 
experiment and other research (Tokach et al., 1989; Kim et al., 2010; Tran et al., 2012; Pierce et 
al., 2006) support the use of LA in the starter diet to enhance feed intake during the post-weaning 
period.  
 
In addition to stimulating appetite, nursery diets are designed to be highly digestible. This 
is because feed intake and gut capacity of weaned pigs is limited (Dong and Pluske, 2007). 
Additionally, the digestibility of nutrients is a key determinant of the growth response of nursery 
pigs after weaning (Jones and Patience, 2014). The addition of LA increased the digestibility of 
DM and GE. These same results were reported by Jin et al. (1998) by adding 20% of LA to 
nursery pigs, and by Pierce et al. (2005) feeding increased levels of LA (0-11%) to finishing 
pigs. Compared with corn, LA has a much simpler chemical and physical structure that is readily 
available to be cleaved by lactase at the brush border of the small intestine and absorbed by the 
enterocytes as galactose and glucose. Additionally, LA escaping digestion is rapidly utilized by 
bacterial populations in the distal small intestine as well as in the large intestine (Bach Knudsen, 
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2012). Thus, the results of this experiment confirm that LA contributes to the objective of 
making nursery diets highly digestible by providing readily usable energy and an easily 
fermentable substrate. 
Protein deposition is the most valued component of the total weight gain of the nursery 
pig (de Vries and Kanis, 1994; Colina et al., 2010). In this experiment, the addition of LA 
increased overall N retention, the percentage of N retained, and the protein retained as the 
percentage of the ADG. The increase in overall N retention can be explained largely by the 
increase in feed intake in the LA fed pigs since nutrient supply is the main factor limiting protein 
deposition in nursery pigs (Van Milgen et al., 2000). Interestingly, pigs fed LA not only had 
greater protein deposition but were more efficient in using N towards protein deposition. These 
results agree with those obtained by Pierce et al. (2005), who fed a LA supplement to finishing 
pigs. Interestingly, they also observed that LA improves N utilization by decreasing the 
percentage of N excreted in the urine, and not through an increase in N digestibility.  
Independent of the responses to LA, the addition of FP tended to increase the digestibility 
of N and the protein retained as a percentage of ADG; this suggested that the mode of action of 
FP may be related to improving the ability of the pig to digest dietary protein.  
Overall, the results of the data on nutrient digestibility and N balance, within the context 
of growth performance, suggest that LA plays an important role in nourishing the weaned pig by 
improving the digestibility of DM and GE, and N retention, as well as improving feed intake. 
The addition of FP had a more modest impact on the digestibility of N, with no detectable 
improvement in growth.  
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  The second experimental approach was to explore the effects of LA and FP on specific 
markers of intestinal function. Recovery from weaning stress by the intestinal tissue has been 
described to occur in two phases: the first is an acute phase, lasting 2 - 4 d, in which the major 
dysfunctional changes occur, including the disruption of barrier function, and immune activation 
(including inflammation; Pié et al., 2004; Smith et al., 2009). The subsequent adaptive phase, 
lasting about two weeks after the acute phase, is associated with tissue recovery (Montagne et al. 
2007). The length of the acute phase, as well as a proper recovery of the intestinal tissue after 
weaning, are key determinants of the performance and the health parameters of nursery pigs and 
potentially their performance in subsequent growth stages. Therefore, the addition of functional 
products and specialty ingredients targeted to ameliorate the weaning transition should help the 
pig recover from one or more of these dysfunctional changes. 
One of the most important targets is to speed of barrier function restitution after weaning 
(Wijtten et al., 2010). The results of this experiment suggest no effect of LA and FP on the 
permeability of the small intestine at the end of the acute phase of weaning (d 5). Likewise, no 
effects on the RNA abundance of claudin-3 and occludin - essential components of the tight 
junction complex (Saitou 1997; Niewold, 2015) - or on the mRNA abundance of pro-
inflammatory cytokines in the ileum (IL-6, IL-10, IL-22, and TNFα) were observed in the small 
intestine at the end of the adaptive phase of weaning (d 14). Pro-inflammatory cytokines are 
expected to be upregulated when immune cells are recruited (Renz et al., 2012). No effects of 
LA on these variables have been found in the literature, but the FP has been shown to decrease 
pro-inflammatory mediators (such as tumor necrosis factor alpha, interferon gamma, and 
interleukins 6, 8 and 1-beta-1) under an LPS challenge (Lee et al., 2016). An alternative 
explanation of these results is that the weaning stress experienced by these pigs, not associated 
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with clinical signs of disease, was mild (Pié et al., 2004: Montagne et al., 2007) resulting in a 
limited window of chance for improvement of makers of barrier function and inflammation. 
However, this explanation is difficult to support since there was no measurement of the stress 
experienced by these pigs in the first place. 
Despite a lack of responses on the barrier function and the inflammation parameters, the 
results obtained in this experiment showed less S-IgA concentration in the jejunum of pigs fed 
either LA or FP. The concentration of S-IgA in weaned pigs is the result of an adaptive 
immunological response to the exposure to luminal immunogenic molecules (Rey et al., 2004; 
Suzuki and Fargasan, 2008; Brandtzaeg, 2013). Additionally, the increase in S-IgA concentration 
can be the result of the normal development of the acquired immunity of the weaned pig 
(McGlone and Pond, 2004). Since the decrease in the concentration of IgA in pigs fed LA and 
FP was observed only in the jejunum, it is likely the result of a localized response of the pigs; 
there probably was no significant impact of weaning on the intestinal health or the development 
of the acquired immunity of these pigs. 
Among the multiple changes in gastrointestinal function in the weaning pig, the activity 
of disaccharidases have been reported to shift during the weaning recovery; lactase activity 
decreases while maltase activity increases after weaning (Montagne et al., 2007; Tsukahara et al., 
2013). In this experiment, lactase activity was expected to be elevated on d 15 in pigs receiving 
LA due to substrate induction, the consequence of keeping LA in the diet. However, similar 
lactase activities were observed between the pigs receiving the LA+ and LA- diets. To the 
knowledge of the authors, there are no specific data reporting substrate induction for lactase 
activity in nursery pigs. Instead, the mentioned shift in disaccharidase activities has been 
reported to take place regardless of the presence of LA in the diet (Hedemann et al., 2006; 
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Montagne et al., 2007). Troelsen et al. (1992) and Motohashi et al. (1997) suggested that the 
decline in lactase activity after weaning is the result of the decrease of the intestinal nuclear 
factor [NF-LPH1] lactase promoter and the lactose expression during the intestinal development 
process after weaning rather than lack of LA induction in the diet. The current experiment not 
only supports this rational but also suggests that even with the reduction of lactase activity 
during the post weaning period, the weaned pig has enough lactase activity to effectively use LA 
- based on the digestibility and nitrogen balance results. 
In conclusion, the addition of LA brings important nutritional attributes to nursery diets 
by improving feed intake, digestibility of DM and GE and nitrogen retention of weaned pigs; 
however, the functional capacity of LA to improve markers of intestinal function is limited, at 
least under the conditions of this study. On the other hand, the FP showed only a mild increase in 
the digestibility of N but a limited capacity to improve markers of intestinal function. 
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Table 3.1. Ingredient composition of the experimental diets1 
 LA-  LA+ 
Item FP- FP+  FP- FP+ 
Corn 65.73 65.63  50.58 50.48 
Soybean meal 20.00 20.00  20.00 20.00 
Fish meal 3.72 3.72  3.72 3.72 
Casein 5.00 5.00  5.00 5.00 
Lactose - -  15.00 15.00 
Soybean oil 1.50 1.50  1.50 1.50 
L-Lys HCl 0.40 0.40  0.43 0.43 
DL-Met 0.15 0.15  0.20 0.20 
L-Thr 0.15 0.15  0.18 0.18 
L-Trp 0.01 0.01  0.02 0.02 
Monocalcium phosphate 21% 1.14 1.14  1.20 1.20 
Limestone 0.90 0.90  0.88 0.88 
NaCl 0.50 0.50  0.50 0.50 
Vitamin premix1 0.25 0.25  0.25 0.25 
Trace mineral premix2 0.15 0.15  0.15 0.15 
Prototype fermentation product - 0.10  - 0.10 
Titanium dioxide 0.40 0.40  0.40 0.40 
1LA-: diets without lactose added; LA+: diets with 15% of lactose added; FP-: diets without the 
prototype fermentation product (Diamond V Mills, Cedar Rapids, IA) added; FP+: diets with 
0.1% of prototype fermentation product added (1g of FP/ kg of diet; Diamond V Mills, Cedar 
Rapids, IA) added. 
2Provided per kg of diet: 7,600 IU of vitamin A; 875 IU of vitamin D3; 62 IU of vitamin E; 3.7 
mg of menadione (to provide vitamin K); 61 μg of vitamin B12; 14 mg of riboflavin; 34 mg of d-
pantothenic acid; and 70 mg of niacin.  
3Provided per kg of diet:  165 mg of Fe (ferrous sulfate); 165 mg of Zn (zinc sulfate); 39 mg of 
Mn (manganese sulfate); 2 mg of Cu (cooper sulfate); 0.3 ppm of I (calcium iodate); and 0.3 
ppm of Se (sodium selenite).  
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Table 3.2. Chemical composition of the experimental diets, as-fed basis1,2 
 LA-  LA+ 
Item FP- FP+  FP- FP+ 
Analyzed chemical composition      
 DM, % 88.88 88.76  90.75 90.92 
 GE Mcal/kg 3.92 3.92  3.94 3.90 
 AEE3, % 4.71 4.70  4.41 4.43 
 CP, % 21.00 21.06  20.03 20.28 
 Titanium dioxide, % 0.40 0.41  0.42 0.41 
Calculated chemical composition      
 SID4 of AA, %      
  Lys 1.44 1.44  1.44 1.44 
  Thr 0.84 0.84  0.84 0.84 
  Met 0.55 0.55  0.57 0.57 
  Met+Cys 0.79 0.79  0.79 0.79 
  Trp 0.24 0.24  0.24 0.24 
  Ile 0.82 0.82  0.79 0.79 
  Val 0.96 0.96  0.92 0.92 
 Ca, % 0.82 0.82  0.82 0.82 
 Total P, % 0.70 0.70  0.67 0.67 
 STTD of P, % 0.42 0.42  0.42 0.42 
1LA-: diets without lactose added; LA+: diets with 15% of lactose added; FP-: diets without the 
prototype fermentation product (Diamond V Mills, Cedar Rapids, IA) added; FP+: diets with 
0.1% of the prototype fermentation product (1g of FP/kg of diet) added. 
2Amino acid levels, phosphorus, standardized total tract digestible (STTD) phosphorus and 
calcium were calculated from NRC (2012); all other values were analyzed. 
3AEE= acid hydrolyzed ether extract. 
4SID = standardized ileal digestibility.  
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Table 3.3. Primers used for quantitative reverse transcription-PCR 
  Primer sequence, 5′→3 ′ 
Gene name1 Accession number Sense (forward)  Anti-sense (reverse) 
RPL19 AF435591 AACTCCCGTCAGCAGATCC AGTACCCTTCCGCTTACCG 
OCLN NM_001163647 TCGTCCAACGGGAAAGTGAA ATCAGTGGAAGTTCCTGAACCA 
CLDN3 NM_001160075 TTGCATCCGAGACCAGTCC AGCTGGGGAGGGTGACA 
IL-6 AF518322 GGCTGTGCAGATTAGTACC CTGTGACTGCAGCTTATCC 
IL-10 L20001 TGGGTTGCCAAGCCTTGT GCCTTCGGCATTACGTCTTC 
IL17a AB102693 CCAGACGGCCCTCAGATTAC CACTTGGCCTCCCAGATCAC 
IL22 AY937228 AAGCAGGTCCTGAACTTCAC CACCCTTAATACGGCATTGG 
TNFα X54859 AACCCTCTGGCCCAAGGA GGCGACGGGCTTATCTGA 
1RPL19 = ribosomal protein L19; OCLN = occludin; CLDN3 = claudin-3; IL-6 = interleukin 6; IL-10 = interleukin 10; IL-17a = 
interleukin 17a; IL-22 = interleukin 22; TNFα = tumor necrosis factor alpha. 
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Table 3.4. Effect of lactose (LA) and a prototype Lactobacillus acidophilus fermentation product (FP) on growth performance of 
nursery pigs1,2  
 LA  FP  P-value 
Item - +  - + SEM LA  FP 
d 0 BW, kg 5.23 5.23  5.22 5.23 0.06 0.744 0.334 
d 14 BW, kg 7.23 7.78  7.70 7.30 0.26 0.105 0.216 
         
ADG, kg 0.148 0.189  0.184 0.153 0.018 0.102 0.205 
ADFI, kg 0.180 0.229  0.218 0.190 0.016 0.017 0.150 
G:F 0.787 0.809  0.822 0.774 0.043 0.731 0.445 
1A total of 28 barrows (5.22 ± 0.15 kg BW) assigned to individual metabolism crates for 15 d (7 pigs/treatment). 
2LA-: diets without lactose added; LA+: diets with 15% of lactose added; FP-: diets without the prototype fermentation product 
(Diamond V Mills, Cedar Rapids, IA) added; FP+: diets with 0.1% of the prototype fermentation product (1g of FP/kg of diet) added. 
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Table 3.5. Effect of lactose (LA) and a prototype Lactobacillus acidophilus fermentation product (FP) on apparent total tract 
digestibility (ATTD) of DM, GE, and N in nursery pigs1,2 
 LA  FP  P-value 
Item - +  - + SEM LA FP 
ATTD of DM, % 88.1 89.2  88.4 88.9 0.4 0.014 0.167 
ATTD of GE, %  86.4 87.7  86.7 87.4 0.5 0.028 0.206 
ATTD of N, % 83.8 83.6  82.9 84.5 0.9 0.900 0.090 
1A total of 28 barrows (5.22 ± 0.15 kg BW) assigned to individual metabolism crates for 15 d (7 pigs/treatment), diets contained 
titanium dioxide (0.4%) as an indigestible marker, total fecal output was collected twice daily from d 5 to 8 and d 10 to 13. 
2LA-: diets without lactose added; LA+: diets with 15% of lactose added; FP-: diets without the prototype fermentation product 
(Diamond V Mills, Cedar Rapids, IA) added; FP+: diets with 0.1% of prototype fermentation product (1g of FP/kg of diet) added. 
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Table 3.6. Effect of lactose (LA) and a prototype Lactobacillus acidophilus fermentation product (FP) on N balance of nursery pigs1 
 LA  FP  P-value 
Item - +  - + SEM LA FP 
N balance, g/d         
  Intake  7.57 9.28  8.80 8.06 0.65 0.072 0.414 
  Excretion  2.85 2.88  3.09 2.64 0.19 0.901 0.060 
    Fecal   1.16 1.59  1.55 1.20 0.15 0.017 0.044 
    Urine  1.68 1.29  1.54 1.44 0.09 0.006 0.468 
  Retention 4.72 6.41  5.71 5.42 0.56 0.043 0.716 
N balance %         
  Excretion 38.7 32.1  35.8 35.0 2.1 0.043 0.804 
    Fecal 15.0 17.3  17.4 14.9 1.1 0.163 0.120 
    Urinary 23.7 14.8  18.3 20.2 1.7 0.002 0.445 
  Retention  61.3 67.9  64.2 65.0 2.1 0.043 0.804 
Protein retained as % of ADG 15.0 17.0  15.2 16.8 0.6 0.020 0.053 
1A total of 28 barrows (5.22 ± 0.15 kg BW) assigned to individual metabolism crates for 15 d (7 pigs/treatment), total urine and fecal 
output was collected twice daily during d 10 to 13 (96 h). ADG was calculated using weights collected on d 10 and d 14. 
2LA-: diets without lactose added; LA+: diets with 15% of lactose added; FP-: diets without the prototype fermentation product 
(Diamond V Mills, Cedar Rapids, IA) added; FP+: diets with 0.1% of the prototype fermentation product (1g of FP/kg of diet) added. 
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Table 3.7. Effect of lactose (LA) and a prototype Lactobacillus acidophilus fermentation product (FP) on intestinal morphology, 
secretory IgA (S-IgA) and mucins of nursery pigs1 
 LA-  LA+  P-value 
Item FP- FP+  FP- FP+ SEM LA FP LA ×FP 
Jejunum          
  Villus height, μm 275b 320ab  390a 307b 28 0.089 0.511 0.034 
  Crypt depth, μm 313 338  343 326 21 0.677 0.848 0.321 
  Villus: crypt  0.88 1.00  1.15 0.95 0.11 0.321 0.682 0.160 
  S-IgA, (log) μg/mg of protein  3.04a 2.41b  2.59b 2.64b 0.14 0.637 0.065 0.005 
Ileum          
  Villus height, μm 266b 341a  378a 317ab 25 0.065 0.780 0.007 
  Crypt depth, μm 262 247  263 274 16 0.332 0.891 0.391 
  Villus: crypt  1.02b 1.43a  1.48a 1.19ab 0.12 0.351 0.591 0.007 
   S-IgA, (log) μg/g of protein  2.62 2.76  2.71 2.70 0.12 0.939 0.610 0.520 
Colon          
  Crypt depth, μm 435 395  440 420 24 0.502 0.189 0.645 
  Goblet cells / 100 μm crypt 5.8 6.2  6.0 5.3 0.7 0.720 0.782 0.263 
  Acid mucins, %  11.4 11.0  12.8 7.3 1.4 0.437 0.053 0.087 
  Mixed mucins, %  12.7 10.7  13.7 11.8 2.0 0.597 0.318 0.979 
  Neutral mucins, % 2.6a 1.6b  2.1ab 3.1a 0.4 0.175 0.938 0.010 
a-bMeans with different superscripts significantly differ (P < 0.050).  
1A total of 28 barrows (5.22 ± 0.15 kg BW) assigned to individual metabolism crates for 15 d (7 pigs/treatment), intestinal tissues, and 
digesta were collected after euthanasia. 
2LA-: diets without lactose added; LA+: diets with 15% of lactose added; FP-: diets without the prototype fermentation product 
(Diamond V Mills, Cedar Rapids, IA) added; FP+: diets with 0.1% of the prototype fermentation product (1g of FP/kg of diet) added. 
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Table 3.8. Effect of lactose (LA) and a prototype Lactobacillus acidophilus fermentation product (FP) on small intestinal permeability 
at d 5 post-weaning1,2 
 LA-  LA+  P-value 
Item FP- FP+  FP- FP+ SEM LA FP LA × FP 
Mannitol recovery, (log) % 1.41 1.29  1.37 1.51 0.12 0.435 0.942 0.281 
Lactulose recovery, (log) % -0.14 -0.16  -0.38 -0.17 0.16 0.432 0.553 0.479 
Lactulose: mannitol (log)  -1.54 -1.55  -1.66 -1.66 0.16 0.530 0.977 0.956 
1A total of 28 barrows (5.22 ± 0.15 kg BW) assigned to individual metabolism crates for 15 d (7 pigs/treatment). Intestinal 
permeability was assessed by providing each pig a solution of 0.300 g lactulose/kg BW and 0.030 g mannitol/kg BW (Sigma-Aldrich, 
St Louis, MO). Urine was collected for the following 12 h after the administration of the lactulose/mannitol solution. 
2LA-: diets without lactose added; LA+: diets with 15% of lactose added; FP-: diets without the prototype fermentation product 
(Diamond V Mills, Cedar Rapids, IA) added; FP+: diets with 0.1% of the prototype fermentation product (1g of FP/kg of diet) added. 
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Table 3.9. Effect of lactose (LA) and a prototype Lactobacillus acidophilus fermentation product (FP) on the enzymatic activity at the 
jejunum1 
 LA-  LA+  Contrast P-value2 
Item FP- FP+  FP- FP+ SEM LA FP LA × FP 
Activity, U/mg protein          
 Lactase 16.6 10.6  15.7 14.7 3.6 0.976 0.335 0.222 
 Sucrase 20.9 25.5  31.2 24.3 5.1 0.387 0.847 0.511 
 Maltase 182.7 190.7  206.2 228.4 22.4 0.116 0.427 0.708 
Alkaline phosphatase  60.7 60.6  65.4 53.1 6.4 0.833 0.340 0.348 
1A total of 28 barrows (5.22 ± 0.15 kg BW) assigned to individual metabolism crates for 15 d (7 pigs/treatment), jejunal tissue was 
collected at d 15 after euthanasia. 
2LA-: diets without lactose added; LA+: diets with 15% of lactose added; FP-: diets without the prototype fermentation product 
(Diamond V Mills, Cedar Rapids, IA) added; FP+: diets with 0.1% of the prototype fermentation product (1g of FP/kg of diet) added. 
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Table 3.10. Effect of lactose (LA) and a prototype Lactobacillus acidophilus fermentation product (FP) on RNA abundance of tight 
junction proteins and cytokines in the jejunum and ileum1,2,3 
 LA-  LA+   P-value 
Item FP- FP+  FP- FP+ SEM LA FP LA × FP 
Jejunum          
  OCLN 1.23 1.44  2.08 1.20 0.37 0.394 0.352 0.139 
  CLDN3 2.33 1.56  1.63 1.76 0.40 0.550 0.448 0.285 
Ileum          
  OCLN 1.67 1.49  1.10 1.09 0.36 0.223 0.892 0.569 
  CLDN3 1.59 1.48  0.87 1.28 0.36 0.565 0.873 0.353 
  TNFα 1.03 1.37  1.14 1.36 0.27 0.797 0.146 0.727 
  IL-6 0.61 0.79  1.17 0.99 0.24 0.102 0.839 0.324 
  IL-10 0.87 1.04  1.23 1.15 0.26 0.264 0.801 0.545 
  IL-17 0.80 1.03  1.15 0.85 0.18 0.618 0.872 0.137 
  IL-22 1.08 1.35  1.14 0.77 0.54 0.900 0.543 0.238 
1All values indicate relative expression of genes: OCLN = occludin; CLDN3 = claudin-3; IL-6 = interleukin 6; IL-10 = interleukin 10; 
IL-17a = interleukin 17a; IL-22 = interleukin 22; TNFα = tumor necrosis factor alpha. Normalized expression (ΔCt) for each sample 
was determined using ribosomal protein L19 (RPL19) as an endogenous control gene. The average normalized expression of the 
pooled control sample was used as the calibrator to calculate relative gene expression. For each sample, relative expression was 
calculated as 2–ΔΔCt, in which ΔΔCt represents ΔCt sample – ΔCt calibrator (Livak and Schmittgen, 2001). 
2A total of 28 barrows (5.22 ± 0.15 kg BW) assigned to individual metabolism crates for 15 d (7 pigs/treatment), intestinal tissue was 
collected at d 15 after euthanasia. 
3LA-: diets without lactose added; LA+: diets with 15% of lactose added; FP-: diets without the prototype fermentation product 
(Diamond V Mills, Cedar Rapids, IA) added; FP+: diets with 0.1% of the prototype fermentation product (1g of FP/kg of diet) added. 
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Table 3.11. Effect of lactose (LA) and a prototype Lactobacillus acidophilus fermentation product (FP) on volatile fatty acid 
concentrations in colonic contents1 
 LA-  LA+  P-value 
Item FP- FP+  FP- FP+ SEM LA FP LA × FP 
Concentration μM/g          
  Acetic acid 63.77 49.76  71.53 58.17 6.07 0.292 0.022 0.767 
  Propionic acid 24.14 18.48  26.86 23.13 3.00 0.232 0.132 0.749 
  Butyric acid 15.16 14.56  20.60 20.19 2.81 0.062 0.858 0.974 
  Iso-Butyric acid 2.21 2.34  3.21 2.07 0.44 0.522 0.201 0.129 
  Isovaleric acid 3.46 3.69  4.97 3.23 0.71 0.468 0.303 0.184 
  Valeric acid 3.30 3.21  4.65 4.36 0.81 0.173 0.676 0.819 
  Total 115.1 92.1  131.8 111.2 10.3 0.099 0.048 0.910 
Distribution, %          
  Acetic acid 58.1 55.1  54.3 52.8 3.2 0.330 0.471 0.810 
  Propionic acid 20.8 19.6  20.3 20.7 1.5 0.850 0.804 0.591 
  Butyric acid 13.2 15.1  15.6 17.7 1.6 0.140 0.227 0.945 
  Iso-Butyric acid 1.9y 2.6x  2.4xy 1.9y 0.3 0.729 0.761 0.069 
  Isovaleric acid 3.0y 4.1x  3.8xy 3.0y 0.5 0.740 0.842 0.099 
  Valeric acid 2.9 3.5  3.7 3.9 0.7 0.660 0.405 0.559 
x-yMeans with different superscripts tend to differ (P < 0.100).  
2A total of 28 barrows (5.22 ± 0.15 kg BW) assigned to individual metabolism crates for 15 d (7 pigs / treatment), intestinal tissue was 
collected at d 15 after euthanasia. 
3LA-: diets without lactose added; LA+: diets with 15% of lactose added; FP-: diets without the prototype fermentation product 
(Diamond V Mills, Cedar Rapids, IA) added; FP+: diets with 0.1% of the prototype fermentation product (1g of FP/kg of diet) added.
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Abstract 
 Phytase is added to swine diets to improve the utilization of phytate-bound P in swine 
diets. This provides financial and environmental benefits to the pig industry. However, it is 
unclear if phytase works equally well in all dietary circumstances. The objective of this 
experiment was to determine if insoluble fiber affects the efficacy of the phytase enzyme in 
nursery pigs when fed diets limiting in P content. A total of 480 pigs (initial BW 5.48 ± 0.14 kg) 
were blocked by BW and randomly assigned (10 pigs per pen) to treatment within block. A 
common nutrient-adequate diet was fed from d -14 to -5, and 2 basal P deficient diets (either a 
corn-soy diet containing 0.16% standardized total tract digestible [STTD] P [LF], or a corn-
soybean meal plus 20% corn bran containing 0.14% STTD P [HF]) were fed from d -5 to 0 to 
acclimate pigs to a P deficient diet. From d 0-21, pigs received 8 dietary treatments (6 pens per 
treatment: n=6). Experimental diets consisted of LF supplemented with one of 4 levels of added 
phytase (0, 109, 218, and 327 phytase units  [FTU]/kg; Quantum Blue 5 G, AB Vista, Wiltshire, 
UK) expected to provide 0.16, 0.21, 0.26, and 0.31% STTD P, respectively, or HF supplemented 
with one of the same 4 levels of added phytase expected to provide 0.14, 0.19, 0.24, and 0.29% 
STTD P. Titanium dioxide was added to the diet at 0.4% as an indigestible marker. On d 21, one 
pig representing the average BW for each pen was euthanized, and fibulae were collected and 
analyzed for bone ash. Fecal samples were collected from each pen on d 19-20. Data were 
analyzed using PROC MIXED of SAS. There were no interactions between insoluble fiber and 
phytase for any of the variables evaluated. For d 0 - 21, adding phytase increased ADG (P < 
0.001) with the response being linear (P < 0.001), whereas insoluble fiber decreased ADG (P = 
0.033). There were no effects of phytase or insoluble fiber on ADFI (P = 0.381 and P = 0.632, 
respectively). Phytase improved G:F ratio (P < 0.001) with the response being linear (P < 0.001). 
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Insoluble fiber tended to decrease G:F ratio (P = 0.097). Phytase increased bone ash (P = 0.005) 
with the response being linear (P = 0.001), but there was no effect of insoluble fiber (P = 0.949). 
Phytase did not affect the apparent total tract digestibility of DM, NDF, or ADF (P > 0.050), 
whereas insoluble fiber decreased the ATTD of DM (P < 0.001), NDF (P < 0.001), and ADF (P 
< 0.001). In conclusion, the addition of insoluble fiber did not affect the ability of phytase to 
improve growth performance, and bone mineralization in nursery pigs fed a P deficient diet. 
Keywords: corn bran, insoluble fiber, swine, bone ash, digestibility.  
Introduction 
The P level of swine diets is carefully controlled because of its cost and essentiality for 
achieving growth performance outcomes, and because excesses increase the quantity of land 
required to sustainably apply manure to farmland. Although P is present in acceptable 
concentrations in most plant feedstuffs, only a fraction can be used by the pig (Beaulieu et al., 
2007). The reason for poor P utilization from plant feedstuffs is the significant proportion that is 
present in the form of inositol hexakisphosphate, also known as phytate (Vohra and 
Satyanarayana, 2003) and the fact that the gastrointestinal tract of the pig does not secrete 
phytase, the enzyme necessary to hydrolyze phytate.  
Therefore, more expensive inorganic sources of P have to be included to meet the desired 
diet specifications for available P. Phytase is used in swine rations as an exogenous enzyme to 
release the P of phytate origin. Consequently, the use of phytase improves the digestibility of P 
and reduces fecal P excretion (Johnston et al., 2004; Veum et al., 2006; Jang et al., 2017), which 
has positive production and environmental implications.  
However, it is unclear if phytase works equally well under all dietary circumstances. The 
inclusion of ingredients with high insoluble fiber content is a common strategy to lower the cost 
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of swine diets and has at least two potential mechanisms for interacting with phytase. First, 
insoluble fiber can reduce the time for enzyme-substrate interaction by increasing 
gastrointestinal rate of passage and stomach emptying (Wenk, 2001). Therefore, there are fewer 
chances for the released inorganic P to be absorbed by the small intestine. Second, insoluble 
fiber can delay the enzyme-substrate interaction by physically isolating or trapping the substrate 
(Meng et al., 2005; Grundy et al., 2015), decreasing the efficacy of phytate degradation. 
Although evaluating these mechanisms is important, as a first step, there is a need to determine if 
the phytase-fiber interaction affects production parameters as well as bone mineralization. 
Therefore, the objective of this study was to determine if insoluble fiber affects the efficacy of 
the phytase enzyme’s ability to improve growth performance and increase bone ash of nursery 
pigs when fed diets limiting in P content. 
Materials and Methods 
All experimental procedures adhered to guidelines for the ethical and humane use of 
animals for research according to the Guide for the Care and Use of Laboratory Animals (FASS, 
2010) and were approved by the Institutional Animal Care and Use committee at Iowa State 
University (12-17-8657-S). 
Animals, diets, and experimental design 
A total of 480 crossbreed weaned pigs (5.48 ± 0.14 kg BW; the progeny of Camborough 
terminal sows × 337 terminal sires; PIC Inc., Hendersonville, TN) were blocked by initial BW (6 
blocks; 10 pigs per pen) and then randomly assigned to treatment within block. Pens were also 
randomly assigned to treatment (n=6). Within each pen, pigs were not separated by sex, but pens 
within a block had equal numbers of barrows and gilts. 
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A common nutrient-adequate diet was fed from d -14 to -5, and 2 basal P deficient diets 
(either a low insoluble fiber [LF] corn-soybean meal diet containing 0.16% standardized total 
tract digestible [STTD] P, or a high insoluble fiber [HF] corn-soybean meal plus 20% corn bran 
diet containing 0.14% STTD P; Table 4.1) were fed from d -5 to 0 to acclimate pigs to the P 
deficient diets (Jones et al., 2010). Across both basal diets, only corn, bran, and to a minor extent 
soybean meal differed, to simplify the interpretation of experimental outcomes, free from 
confounding due to variation in ingredient composition. From d 0 to 21, pigs received 1 of 8 
dietary treatments. One set of treatments was based on the LF basal diet with 4 levels of added 
phytase (0, 109, 218, and 327 phytase units [FTU]/kg). The second set was based on the HF 
basal with the same 4 levels of added phytase. All diets were formulated to meet the nutrient 
requirements of nursery pigs except for total Ca and the STTD P (NRC, 2012). The 4 levels of 
estimated STTD P in the LF diets (0.16, 0.21, 0.26, and 0.31%) were formulated to meet 46, 60, 
75, and 88%, respectively, of requirement. The 4 levels of STTD P in the HF diets (0.14, 0.19, 
0.24, and 0.29%) were formulated to meet 41, 55, 69, and 83%, respectively, of requirement. 
Total Ca levels were formulated to be below requirement (0.50% or about 65% of the estimated 
requirement; NRC, 2012) to ensure that excesses did not impair phytase efficacy and thus 
confound experimental outcomes (Angel et al., 2002; Beaulieu et al., 2007; Selle et al., 2009), 
especially at the relatively low phytase levels tested. Furthermore, a recent study in the same 
facility using the same genetics revealed that levels of Ca as low as 0.41% did not impair growth 
performance or levels of bone mineral density compared with higher levels (Soto et al., 2019). 
Notably, calcium levels did not increase as phytase levels increased to avoid a confounding 
effect of changing the Ca content of the diet (Wu et al., 2018). Diets contained 0.4% titanium 
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dioxide to allow determination of apparent total tract digestibility (ATTD) of DM, acid detergent 
fiber (ADF), and neutral detergent fiber (NDF). All diets were provided ad libitum as a mash. 
Diets were manufactured at the Iowa State University Swine Nutrition Farm feed mill. Other 
than corn and soybean meal, all ingredients were weighed on an analytical scale, which was 
calibrated with a standard weight. These ingredients were blended in a dough mixer before being 
added into the main mixer to ensure precision in mixing and homogeneity of the final mixed 
feed. 
Sample collection handling and chemical analyses  
Before mixing diets, ingredient subsamples used in the formulation were assayed for total 
Ca and P (modified method 985.01; AOAC, 1996) at Mid-west labs (Omaha, NE). Enzyme 
activity of the phytase (Quantum Blue 5 G, AB Vista, Wiltshire, UK) was determined to be 
7,600 μmol of phosphate per min at pH 5.5 at 37ºC (7,600 FTU/g) at the AB Vista laboratory 
(Ystrad Mynach, UK). Phytase was used within the labeled “best before date” to assure the 
stability of enzyme activity even after feed manufacturing (De Jong et al., 2016).  
Ten diet subsamples were collected at the time of mixing; these samples were carefully 
homogenized and pooled into one subsample. From d 18 to 20, fresh fecal subsamples were 
collected via grab sampling from each pen. All subsamples were stored at –20°C to avoid 
bacterial degradation. Before being assayed, fecal subsamples were thawed and oven-dried in a 
convection oven at 65°C until subsamples reached a constant weight (Jacobs et al., 2011). Diets 
and dried fecal subsamples were ground in a Wiley Mill (Variable Speed Digital ED-5 Wiley 
Mill; Thomas Scientific, Swedesboro, NJ) through a 1 mm screen and stored in desiccators to 
maintain a constant percentage of DM. At d 21, one pig with a BW close to the pen average was 
euthanized via captive bolt stunning to collect the fibula of the right leg. 
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Feed and fecal samples were assayed at the Monogastric Nutrition Laboratory (Iowa 
State University, Ames, IA). Assays included DM using a drying oven (method 930.15; AOAC, 
2007). Acid detergent fiber and NDF were determined using an Ankom automated fiber analyzer 
(model 2000, Macedon, NY; a modified method from Van Soest and Robertson, 1979). Titanium 
dioxide was determined colorimetrically using a spectrophotometer (model Synergy 4, BioTek, 
Winooski, VT; Leone, 1973). Additionally, concentrations of Ca and P of the experimental diets 
were determined as previously described at Mid-west labs (Omaha, NE). 
Fibulae were assayed for bone ash content (600°C for 16 h; Veum et al., 2006). Before 
ashing, the bones were autoclaved, and all soft tissue was removed. They were then oven dried at 
103°C for 36 h before and after being soaked in fresh hexane until clear to remove ether extract. 
Calculations  
Pig weights and feed disappearance were measured by pen on d 0 and 21 to calculate 
ADG, ADFI, and G:F. The ATTD of DM, NDF, and ADF was determined using the following 
equation (Adeola, 2001): 
ATTD, % = [100 – [100 × (% titanium dioxide in feed / % titanium dioxide in feces × 
(concentration of component in feces / concentration of component in feed)]] 
 
Fibula bone ash percentage was expressed in relation to the initial dry fat-free bone 
weight. The quantity of STTD P released was calculated according to Gourley et al. (2018). The 
average daily phytase release of STTD P intake for each pen was calculated as dietary STTD P, 
% minus 0.16% (the STTD P in the 0 FTU/kg diet) multiplied by ADFI. Subsequently, a 
standard curve was developed for each response criteria (ADG, G:F, percentage of bone ash, and 
bone ash weight) using the intake of STTD P released by phytase as the predictor variable. The 
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equation for the standard curve was then used to calculate phytase-released STTD P for each pen 
fed the different phytase treatments based on the observed value for each response criteria. The 
calculated value was then adjusted using the pen ADFI. 
Statistical analysis  
The ROBUSTREG procedure of SAS 9.4 (SAS Inst., Inc., Cary, NC) was used to analyze 
for outliers. Pen was the experimental unit in all analyses. Data were analyzed using PROC 
MIXED of SAS according to the following model: main (fixed) effects, phytase, insoluble fiber, 
and the interaction between phytase and insoluble fiber; block was a random effect. Additionally, 
to test the response to phytase, linear and quadratic polynomial orthogonal contrasts were tested. 
Effects were considered statistically significant with P-values ≤ 0.05 and P-values between 0.05 
and 0.10 were considered trends. 
Results 
Calcium levels of the experimental diets averaged 0.55% or about 10% above 
formulation (Table 4.2).  Total P content of the LF and HF experimental diets averaged 0.39% 
and 0.34%, respectively, or 100% and 97% of expected values based on the formulations. As a 
result, the average Ca:P ratio was 1.4 in the LF diets, and 1.6 in the HF diets, compared with the 
formulated values of 1.3 and 1.5 for the LF and HF diets, respectively.  
No interactions between phytase and insoluble fiber addition were observed for final BW, 
growth performance, bone ash, or digestibility variables (individual means of the LF and HF 
experimental diets are presented in Supplementary Tables 4.6-4.8). By design, initial BW was 
not affected by the addition of phytase or insoluble fiber. In contrast, the main effect of phytase 
on final BW was observed (P = 0.001; Table 4.3), with a linear increase as phytase level 
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increased (P < 0.001). Insoluble fiber decreased final BW (P = 0.007). There was a main effect 
of phytase on ADG (P < 0.001), with a linear increase as phytase level increased (P < 0.001). 
Increasing the insoluble fiber level of the diet decreased ADG (P = 0.033). No main effects of 
phytase or insoluble fiber were observed for ADFI. The main effect of phytase for G:F was 
observed (P < 0.001), with a linear increase as phytase level increased (P < 0.001). Increasing 
the insoluble fiber level of the diet tended to decrease G:F (P = 0.097). There was a main effect 
of phytase on bone ash percentage (P = 0.005), with a linear increase as phytase level increased 
(P = 0.001). Insoluble fiber level in the diet did not affect mean bone ash percentage. A main 
effect of phytase on fibula bone ash weight was observed (P = 0.037), with a linear increase as 
phytase level increased (P = 0.004). The fiber level had no effect on bone ash weight. 
The calculated STTD P released by the addition of phytase increased in all response 
variables as phytase increased in the diet (Table 4.4). The average release of all response 
variables was 0.050, 0.094, and 0.139% STTD P with the addition of 109, 217, and 327 FTU/kg, 
respectively.  
The addition of phytase did not influence the ATTD of DM (Table 4.5). Although no 
main effect of phytase was observed for the ATTD of NDF and ADF, a tendency for linear 
decrease was observed as phytase levels increased (P = 0.071 and P = 0.081, for NDF and ADF 
respectively). Insoluble fiber decreased the ATTD of DM (P < 0.001), NDF (P < 0.001), and 
ADF (P < 0.001).  
Discussion 
Phosphorus is an essential nutrient for mammals and has ubiquitous biological functions 
(Calvo and Lamberg-Allardt, 2015) including being a structural component of bones (Clarke, 
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2008) and participating in vital cellular processes such as energy metabolism and signal 
transduction (June et al., 1990; Huskisson et al., 2007). Therefore, failure to supply adequate P in 
the diet results in decreased growth performance and impaired skeletal development (Pokharel et 
al., 2017). Herein, analysis of the experimental diets confirmed that total P levels were deficient, 
which translated into impaired growth performance in pigs fed the two basal diets. However, the 
rate of removals during the entire experimental period (8 pigs; 1.6% of total) was within the 
normal range for this facility and was not more heavily associated with any one treatment. 
The main objective of adding phytase to swine diets was to meet P specifications through the 
release of P from phytate. The results of this experiment indicated a clear improvement in growth 
performance, bone mineralization, and the calculated P released in response to the addition of 
phytase to the basal diets, suggesting an effective role of phytase in releasing P from phytate in-
vivo. These results agree with Veum et al. (2006), Veum and Ellersieck (2008), Jones et al. 
(2010), and Gourley et al. (2018), who also reported increased growth performance and bone 
mineralization by adding phytase using P deficient diets. Overall, scientific data supports the 
effectiveness of adding phytase to release digestible P to pigs.  
On the other hand, phytase did not influence DM digestibility. Dry matter digestibility is 
influenced by the disappearance in the gastrointestinal tract of all dietary components. Phytase 
has been shown to improve mineral (Madrid et al., 2013) and amino acid digestibility through 
the decrease of antinutritional effects of phytate and its derivates (Cowieson et al., 2017; Zouaoui 
et al., 2018). Zeng et al., (2014) reported an increase in the apparent ileal digestibility of DM 
(using 1,000 to 20,000 FTU/kg), but Zeng et al. (2016) using 0 to 20,000 FTU/ kg and She et al. 
(2018) using 0 to 4,000 FTU/ kg, did not. However, these studies used much higher levels 
(super-dosed levels) of phytase than those used herein (0-327 FTU/kg) and investigated ileal as 
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opposed to total tract digestibility, the focus of this study. Thus, although the effect of phytase on 
DM is possible at high levels, the results of this experiment suggest it is not likely to occur at low 
inclusion rates.  
Despite the numerical decrease, this experiment did not find any effects of phytase (0 – 
327 FTU) on fiber digestibility, suggesting that phytase does not substantially affect the ability 
of the microbiota to ferment insoluble fiber. No comparable studies investigating the effect of 
phytase on the digestibility of fiber components were found.  
This experiment also investigated the effect of adding insoluble fiber (in the form of corn 
bran) on growth performance, bone mineralization, and the digestibility of dry matter and fiber. 
Final BW, ADG, and feed efficiency were reduced in the higher fiber diets. At lower inclusion 
levels, high insoluble fiber ingredients do not always affect growth performance (5% corn 
DDGS, Tran et al., 2012; 5% corn bran, Liu et al., 2018). This may be more an effect of 
experiments not having sufficient power to detect small differences in performance. At higher 
levels, ingredients rich in insoluble fiber have been shown to decrease growth performance 
(Berrocoso et al., 2015), and markedly reduce feed efficiency (Asmus et al., 2014) unless dietary 
net energy is equalized (Weber et al., 2015). The decrease in growth performance has been 
mainly attributed to a lower NE concentration in high fiber ingredients (Gutierrez et al., 2013; 
Acosta et al., 2016a), and the potential difficulty nursery pigs have in adjusting feed intake to 
compensate for the lower dietary energy concentration of high fiber diets. In this experiment, no 
attempt was made to equalize NE across treatments (2.56 vs. 2.43 Mcal NE/kg for the LF and HF 
diets, respectively) as this would have required the addition of fat which could confound the 
utilization of Ca due to the formation of calcium soaps in the gastrointestinal tract. 
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Although there was no effect of fiber on bone mineralization, results also suggest a strong 
effect of insoluble fiber on the digestibility of DM, NDF, and ADF. The effect of insoluble fiber 
on the digestibility of dry matter and insoluble fiber constituents is supported by the literature 
(Le Goff and Noblet, 2001; Liu et al., 2014; Acosta et al., 2017), including fiber of corn bran 
origin (Gutierrez et al., 2013). The decrease in fiber digestibility can be the result of a limited 
capacity of the pig to ferment insoluble fiber (Stanogias and Pearce, 1985), especially at early 
growth stages. Alternatively, the markedly low digestibility of fiber in the high fiber diets can be 
the result of the additional weight of intestinal endogenous materials in the determination of 
NDF and ADF in fecal samples (Montoya et al., 2015).   
Interactive effects between phytase and fiber were not observed in this experiment; there 
are at least two explanations to consider. First, insoluble fiber has the potential to increase 
digesta passage rate in the proximal gastrointestinal tract, which allows less time for an enzyme-
substrate interaction (Wenk, 2001), thus decreasing the efficacy of phytate catabolism into 
phytate products (Laird et al., 2016), a key mechanism of action for phytase (Blaabjerg et al., 
2011; Holloway et al., 2016). Fortunately, it appears that phytase action takes place before or at 
the gastrointestinal tract locations in which P can be absorbed, regardless of the increased 
passage rate resulting from insoluble fiber addition. Moreover, Bournazel et al. (2017) suggested 
that insoluble fiber (in the form of rapeseed hulls; 13.1% NDF) does not affect the release of 
inorganic P from phytate in the stomach.  
Second, the insoluble fiber matrix can isolate or trap feed components, including phytate 
(Bedford and Schulze, 1998). Based on the results of this experiment, it is possible that the 
insoluble fiber matrix is not affecting the enzyme-substrate interaction. A possible explanation, 
in this case, is that most phytate in corn is concentrated in the germ (Hídvégi and Lásztity, 2003) 
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and therefore not directly associated with the fiber matrix. Therefore, although theoretically 
possible, the interactive mechanisms between phytase and fiber are absent or not of sufficient 
magnitude to affect production outcomes and bone mineralization.  
In conclusion, the addition of insoluble fiber did not affect the ability of phytase to 
improve growth performance, and bone mineralization in pigs fed P deficient diets; therefore, 
phytase can be used with confidence in high and low insoluble fiber diets, as it is equally 
effective in both. 
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Table 4.1. Ingredient and chemical composition of the low and high fiber basal diets, as fed 
basis1. 
Item Low fiber High fiber 
Ingredient composition, %   
  Corn  61.51 42.10 
  Soybean meal 32.68 32.08 
  Corn bran  - 20.00 
  Soybean oil  3.00 3.00 
  Limestone  0.72 0.73 
  L-Lysine HCl 0.45 0.45 
  DL-Methionine 0.16 0.16 
  L-Threonine 0.13 0.13 
  Salt 0.35 0.35 
  Vitamin premix2 0.25 0.25 
  Trace mineral premix3 0.15 0.15 
  Titanium dioxide 0.40 0.40 
  Zinc oxide 0.20 0.20 
Chemical composition, analyzed   
  DM, %  88.1 88.5 
  Acid detergent fiber, % 2.8 3.8 
  Neutral detergent fiber, % 7.5 15.2 
Chemical composition, 
calculated 
  
 
  
  NE, Mcal/kg  2.56 2.43 
  ME, Mcal/kg 3.44 3.27 
  Acid hydrolyzed ether extract, % 5.7 6.7 
  Crude protein, % 20.7 20.7 
  SID5 Lys, % 1.33 1.33 
 SID AA:Lys    
   Lys 1.00 1.00 
   Met 0.34 0.34 
   TSAA 0.55 0.55 
   Thr 0.59 0.59 
   Trp 0.17 0.17 
  Total P, %4 0.39 0.35 
  STTD6 P, % 0.16 0.14 
  Ca, %4 0.50 0.50 
1Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK) was added 
to the low and high fiber basal diets at 0.00148% to create the 109 FTU/kg dietary treatments, 
added at 0.00297% to create the 218 FTU/kg dietary treatments, and added at 0.004445% to 
create the 327 FTU/kg dietary treatments. 
2Vitamin premix provided the following (per kg diet): 7,656 IU of vitamin A; 875 IU of vitamin 
D3; 40 IU of vitamin E; 4 mg of menadione (to provide vitamin K); 14 mg of riboflavin; 34 mg 
of d-pantothenic acid; 0.06mg of vitamin B12, and 70 mg of niacin.  
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3Mineral premix provided the following (/kg diet):  165 mg of Fe (ferrous sulfate); 165 mg of Zn 
(zinc sulfate); 39 mg of Mn (manganese sulfate); 16.5 mg of Cu (cooper sulfate); 0.3 mg/kg of I 
(calcium iodate); and 0.3 mg/kg of Se (sodium selenite). 
4Analyzed Ca and P contents of experimental diets are presented in Table 19. 
5SID = Standardized ileal digestible. 
6 STTD = Standardized total tract digestible.
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Table 4.2. Analyzed Ca and P content of the experimental diets, as fed basis  
 Low fiber1  High fiber2 
 Phytase3 FTU/kg 
Item 0 109 217 327  0 109 217 327 
 Ca, % 0.59 0.52 0.57 0.51  0.55 0.55 0.52 0.62 
 P, % 0.39 0.39 0.38 0.38  0.33 0.34 0.35 0.32 
 Ca: P 1.51 1.33 1.50 1.34  1.67 1.62 1.49 1.94 
1Corn-soybean-meal-based diet.  Total Ca content was formulated to 50%; Total P content was formulated to be 0.39%. 
2Corn-soybean meal plus 20% corn bran-based diet. Ca content was formulated to 50%; Total P content was formulated to be 0.35%. 
3Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK). 
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Table 4.3. Effects of increasing standardized total tract digestible P from the addition of phytase1 and fiber level2 on growth 
performance and bone mineralization3 in nursery pigs 
     P- value4 
 Phytase, FTU/kg  Fiber level     Phytase 
Item 0 109 217 327  Low High SEM Phytase Fiber  L Q 
d 0 BW, kg 6.92 6.67 6.77 6.80  6.83 6.75 0.48 0.140 0.295  - - 
d 21 BW, kg 12.33 12.38 12.58 12.94  12.71 12.41 0.84 0.001 0.007  <0.001 0.139 
              
 ADG, kg 0.268 0.282 0.291 0.306  0.291 0.282 0.018 <0.001 0.033  <0.001 0.778 
 ADFI, kg 0.514 0.512 0.519 0.527  0.519 0.516 0.020 0.381 0.632  0.127 0.431 
 Gain:Feed  0.520 0.548 0.559 0.580  0.559 0.544 0.018 <0.001 0.097  <0.001 0.652 
Bone ash, % 44.6 45.8 47.0 47.4  46.2 46.2 0.6 0.005 0.949  0.001 0.469 
Bone ash weight, g 0.387 0.406 0.426 0.447  0.407 0.427 0.032 0.037 0.179  0.004 0.948 
1Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK). 
2Either low (corn-soybean-meal-based diets) or high (corn-soybean meal plus 20% corn bran-based diets). 
 3One pig per pen was euthanized, and fibulas were used to determine bone ash weight and percentage of bone ash. 
4P-Values are Phytase = main effect of phytase, Fiber=main effect of fiber; Phytase, L= Orthogonal linear contrast of Phytase, 
Q=orthogonal quadratic contrast of Phytase. 
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Table 4.4. Calculated standardized total tract digestible P released values (%) based on different response criteria 
 Phytase, FTU/kg  
Item 109 217 327 SEM 
Response criteria variables     
 ADG 0.044 0.085 0.145 0.024 
 G:F 0.063 0.091 0.144 0.037 
 Percent bone ash2 0.053 0.113 0.135 0.038 
 Bone ash weight  0.039 0.085 0.131 0.042 
 Average variables 0.050 0.094 0.139 - 
1Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK). 
2 Fibula bone ash percentage was expressed in relation to the initial dry fat-free bone weight. 
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Table 4.5. Effects of increasing standardized total tract digestible P from the addition of phytase1 and fiber level2 on levels on the 
apparent total tract digestibility (ATTD) of DM and fiber components. 
     P- value3 
 Phytase, FTU/kg  Fiber level     Phytase 
Item 0 109 217 327  Low High SEM Phytase Fiber  L Q 
ATTD, %              
  DM 80.2 80.0 79.9 79.7  85.1 74.8 0.3 0.670 <0.001  0.257 0.772 
  NDF 35.8 32.4 31.9 32.0  54.7 11.4 1.5 0.187 <0.001  0.071 0.228 
  ADF 31.7 29.5 28.9 27.7  54.5 4.5 1.9 0.343 <0.001  0.081 0.743 
1Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK). 
2Either low (corn-soybean-meal-based diets) or high (corn-soybean meal plus 20% corn bran-based diets). 
3P-Values are Phytase = main effect of phytase, Fiber=main effect of fiber; Phytase, L= Orthogonal linear contrast of Phytase, 
Q=orthogonal quadratic contrast of Phytase. 
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Table 4.6. (Supplementary) Effects of increasing standardized total tract digestible P from the addition of phytase (Phy1) with low 
fiber (LF2) and high fiber (HF3) levels on growth performance and bone mineralization4 in nursery pigs 
 LF  HF  P- value5 
 Phy FTU/kg    Phy× 
fiber 
Phy LF  Phy HF 
Item 0 109 217 327  0 109 217 327 SEM Phy Fiber L Q  L Q 
d 0 BW, 
kg 
7.09 6.64 6.85 6.75  6.76 6.70 6.69 6.85 0.48 0.140 0.295 0.185      
d 21 BW, 
kg 
12.50 12.56 12.86 12.92  12.17 12.20 12.30 12.96 0.84 0.001 0.007 0.263 0.024 0.991  0.001 0.041 
                   
 ADG, kg 0.268 0.289 0.300 0.306  0.268 0.274 0.281 0.306 0.018 <0.001 0.033 0.194 <0.001 0.185  <0.001 0.088 
 ADFI, kg 0.513 0.516 0.523 0.525  0.515 0.507 0.514 0.528 0.020 0.381 0.632 0.840 0.289 0.934  0.264 0.235 
 
Gain:Feed  
0.521 0.559 0.574 0.582  0.519 0.538 0.544 0.578 0.018 <0.001 0.097 0.641 0.001 0.237  0.002 0.578 
Bone ash, 
% 
44.9 45.8 47.1 47.4  44.6 45.8 47.1 47.5 0.6 0.005 0.949 0.999 0.013 0.595  0.009 0.621 
Bone ash 
weight, g 
0.379 0.394 0.426 0.427  0.395 0.417 0.427 0.467 0.032 0.037 0.179 0.814 0.069 0.735  0.018 0.667 
1Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK). 
2Corn-soybean-meal-based diet. 
3Corn-soybean meal plus 20% corn bran-based diet. 
 4One pig per pen was euthanized, and fibulas were used to determine bone ash weight and percentage of bone ash. 
5P-Values are Phy= main effect of phytase, Fiber=main effect of fiber, Phy × fiber=interaction between phytase and fiber; Phy LF, L= Orthogonal linear contrast 
of Phytase in the LF; Phy LF, Q=orthogonal quadratic contrast of Phytase in the LF; Phy HF, L= orthogonal linear contrast of Phytase in the HF; Phy HF, Q= 
orthogonal quadratic contrast of phytase in the HF.  
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Table 4.7. (Supplementary) Effects of increasing standardized total tract digestible P from the addition of phytase (Phy1) with low 
fiber (LF2) and high fiber (HF3) levels on the apparent total tract digestibility (ATTD) of DM and fiber components 
 LF  HF  P- value 
 Phy FTU/kg    Phy× 
fiber 
Phy LF  Phy HF 
Item 0 109 217 327  0 109 217 327 SEM Phy Fiber L Q  L Q 
ATTD, %                   
  DM 85.1 85.1 85.1 85.1  75.4 74.8 74.6 74.3 0.3 0.670 <0.001 0.688 0.995 0.987  0.111 0.670 
  NDF 55.4 54.3 55.6 53.4  16.3 10.6 8.2 10.6 1.5 0.187 <0.001 0.190 0.627 0.782  0.039 0.052 
  ADF 56.2 54.0 55.8 51.8  7.3 4.9 2.0 3.6 1.9 0.343 <0.001 0.588 0.261 0.682  0.172 0.385 
1Quantum Blue 5G phytase (AB Vista Feed Ingredients; Marlborough, Wiltshire, UK). 
2Corn-soybean-meal-based diet. 
3Corn-soybean meal plus 20% corn bran-based diet. 
4P-Values are Phy= main effect of phytase, Fiber=main effect of fiber, Phy × fiber=interaction between phytase and fiber; Phy LF, L= 
Orthogonal linear contrast of Phytase in the LF; Phy LF, Q=orthogonal quadratic contrast of Phytase in the LF; Phy HF, L= 
orthogonal linear contrast of Phytase in the HF; Phy HF, Q= orthogonal quadratic contrast of Phytase in the HF.  
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Table 4.8. (Supplementary) Calculated standardized total tract digestible P released values (%) based on different response criteria 
 Low fiber1  High fiber2  
 Phytase3 FTU/kg  
Item 109 217 327  109 217 327 SEM 
Response criteria variables         
 ADG 0.057 0.104 0.133  0.032 0.065 0.158 0.024 
 G:F  0.073 0.114 0.134  0.054 0.070 0.155 0.037 
 Percent bone ash 0.058 0.111 0.132  0.050 0.116 0.138 0.038 
 Bone ash weight 0.042 0.102 0.110  0.036 0.068 0.153 0.042 
 Average variables 0.058 0.108 0.127  0.043 0.080 0.151 - 
1Corn-soybean-meal-based diet. 
2Corn-soybean meal plus 20% corn bran-based diet.  
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Abstract 
The objective of this study was to determine differences in response to distillers dried 
grains with solubles (DDGS) level under constant nutrient or floating nutrient concentrations. A 
total of 21 ileal-cannulated gilts (33.1 ± 0.4 kg BW) were randomly allotted to 1 of 7 dietary 
treatments in a 3-period incomplete Latin square design (with 9 observations per treatment). 
Treatments consisted of a 0% corn DDGS basal diet, plus diets containing 15, 30, or 45% 
DDGS. Diets were formulated using 1 of 2 different formulation methods: 1) constant nutrient 
(CN) where nutrients were held equal to the basal diet; or 2)constant ingredient (CI) where 
DDGS were added at the expense of corn and all other ingredients remained constant, so nutrient 
levels were allowed to “float”. Chromic oxide was added to the diets at 0.5% as an indigestible 
marker. Ileal digesta and fecal samples were collected, and the apparent ileal digestibility (AID) 
and apparent total tract digestibility (ATTD) of dietary constituents were determined. Increasing 
the level of DDGS decreased the AID of dry matter (DM), gross energy (GE), starch, 
dispensable amino acids (AA), and fiber components (P < 0.050). The decrease in the AID of 
Lys, Met, Thr, and Trp was more pronounced under CN compared with the CI formulation 
method (P < 0.050). In contrast, the decrease in the AID of hemicellulose was less pronounced 
under CN compared with the CI formulation method (P = 0.045). There was a DDGS level × 
formulation method interaction for the AID of acid hydrolyzed ether extract (AEE; P = 0.015); 
for the CN formulation method, increasing level of DDGS decreased the AID of AEE from 0 to 
30% and remained similar from 30 to 45% DDGS, while the CI had no effect on the AID of 
AEE. Increasing the level of DDGS decreased the ATTD of DM, GE, and fiber components (P < 
0.050), except for ADF, which was not affected. The decrease in the ATTD of IDF and TDF was 
less pronounced under CN compared with CI (P < 0.050). The ATTD of AEE decreased for CN 
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compared with CI (P < 0.010). In conclusion, increasing the insoluble fiber level in the form of 
DDGS decreased the digestibility of most dietary components, including DM, GE, starch, 
insoluble fiber, and AA. The CN and CI formulation methods are equivalent when evaluating the 
digestibilities of DM, GE, starch, crude protein and AA (when they were not added in purified-
synthetic forms). However, differences between CN and CI formulation methods were detected 
for the digestibility of insoluble fiber, fat and essential AA (when added in a purified-synthetic 
form). 
Keywords: insoluble fiber, soluble fiber, corn DDGS, swine, ileal-cannulation. 
Introduction 
High fiber ingredients like corn distillers dried grains with solubles (DDGS) are added to 
the diet because of their cost, availability, and nutrient profile. Insoluble fiber comprises most of 
the fiber present in DDGS and is characterized as being poorly digested and fermented in the 
gastrointestinal tract of pigs (Bach Knudsen, 2001; Gutierrez et al., 2013). Furthermore, 
increasing the addition of insoluble fiber in swine diets results in a decrease in the digestibility of 
other dietary components, such as gross energy (GE), dry matter (DM), amino acids (AA), and 
minerals (Lenis et al., 1996; Gutierrez et al., 2016). Thus, although there is a reasonable 
understanding of what insoluble fiber does, there is still a need to know if these effects are 
influenced by the way diets employed in such studies are formulated. 
Experiments evaluating high fiber ingredients might employ diets formulated by adding 
the ingredient of interest at the expense of corn, with most other ingredients being held constant. 
In other words, nutrients are allowed to float – they are not held constant across all diets. This 
formulation method may have a potential flaw because changes in nutrient levels may confound 
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the response of the pigs to the dietary treatments. Certainly, in commercial practice, diets are 
formulated to constant energy and nutrient levels. On the other hand, formulating to constant 
energy and nutrient levels will result in changes in other ingredients in the diets, and this could 
confound the response of the pigs to the experimental treatments; inadvertent effects occurring as 
a result of changing ingredient levels could affect outcomes. As a result of these 2 scenarios, 
researchers are often faced with a serious dilemma on how to formulate experimental diets. The 
design of experimental diets typically falls between these 2 formulation methods (Benz et al., 
2010; Lee et al., 2012; Gutierrez et al., 2016). Consequently, it would be useful to determine if 
the response to dietary treatment – in this case, fiber level - is different under a constant 
ingredient compared with a constant nutrient scenario. 
Therefore, the objectives of this study were i) to determine the impact of increasing the DDGS 
level on the digestibility of energy and nutrients, and ii) to determine if the impact of DDGS 
levels differ when diets are adjusted to constant nutrient or to constant ingredient composition. 
We hypothesized that increasing the DDGS level would decrease the digestibility of energy and 
nutrients. Additionally, we hypothesized that the constant nutrient formulation method would be 
a better way to evaluate DDGS levels compared with the constant ingredient method. 
Materials and Methods 
 All experimental procedures adhered to guidelines for the ethical and humane use of 
animals for research according to the Guide for the Care and Use of Agricultural Animals in 
Research and Teaching (FASS, 2010) and were approved by the Institutional Animal Care and 
Use Committee at Iowa State University (8-17-8584-S). 
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Animals, housing, and experimental design 
Twenty-one crossbred growing gilts (progeny of Camborough sows × 337 sires; PIC Inc., 
Hendersonville, TN) were surgically fitted with a T-cannula at the distal ileum following the 
procedures similar to those described by Stein et al. (1998). After recovery from surgery, pigs 
were weighed (33.1 ± 0.4 kg initial BW) and randomly allotted to 1 of 7 dietary treatment groups 
in a 3-period incomplete Latin square design, resulting in nine observations per treatment. 
Animals were housed in individual pens (1.2 × 1.5 m) in an environmentally controlled facility 
with a 12-h light-dark cycle. Each pen was equipped with a feeder, a nipple waterer, and a half 
slated concrete floor. Treatments consisted of a basal diet without DDGS, and diets containing 
15, 30, or 45% DDGS (6.6% acid hydrolyzed ether extract [AEE]) as a source of insoluble fiber. 
Diets were formulated using 1 of 2  methods (Table 5.1): constant nutrient (CN) where the 
nutrient levels were maintained equal to those of the basal diet, or constant ingredients (CI) 
where DDGS was added at the expense of corn and all other ingredients remained constant; 
therefore, nutrients were then allowed to float. Amino acids, vitamins, and minerals were added 
to all diets (Table 5.2) to meet or exceed estimated requirement (NRC, 2012); levels of Thr were 
elevated as the inclusion of DDGS increased to account for a higher requirement in higher fiber 
diets (de Lange et al., 1989). Chromic oxide was added at 0.5% as an indigestible marker. All 
pigs were provided with the same daily amount of feed equivalent to 3.2 times the estimated 
requirement for maintenance energy (i.e., 197 kcal ME/kg0.6; NRC, 2012) of the average ME of 
the CN and CI; 30% DDGS diets. The daily feed allotments were divided into 2 equal meals that 
were provided at 0730 h and 1630 h. At the end of each collection period, all pigs were weighed, 
and daily feed allowance for the next collection period was adjusted. All diets were provided in 
mash form with ad-libitum access to water. 
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Pigs were reassigned to dietary treatment at the end of each collection period, but no pigs 
received a diet more than once. Each collection period involved 9 d of adaptation to dietary 
treatments followed by 2 d of feces subsample collection and 3 d of ileal digesta subsample 
collection (Gutierrez et al., 2016). 
Sample collection, chemical analyses, and calculations 
Ten randomly collected diet subsamples were collected at the feed mill at the time of 
mixing and then thoroughly homogenized and carefully subsampled. Fresh fecal subsamples 
were obtained via grab sampling. Ileal subsamples were collected by attaching a 207-mL plastic 
bag (Whirl-Pak; Nasco, Fort Atkinson, WI) to the opened cannula with a cable tie. Bags were 
removed once they were filled with digesta or at least every 30 minutes for 8 h per collection 
day. All subsamples were stored at –20°C to avoid bacterial degradation. 
Prior to being assayed, fecal subsamples were thawed and oven-dried in a convection 
oven at 65°C until subsamples reached constant weight (Jacobs et al., 2011); ileal subsamples 
were lyophilized. Diets and dried ileal and fecal subsamples were ground in a Wiley Mill 
(Variable Speed Digital ED-5 Wiley Mill; Thomas Scientific, Swedesboro, NJ) through a 1 mm 
screen and stored in desiccators to maintain a constant percentage of DM. 
Chemical analysis of diets, feces, and ileal digesta was performed at the Monogastric and 
Comparative Nutrition Laboratory (Iowa State University, Ames, IA), the Monogastric Nutrition 
Laboratory (University of Illinois-Champaign, IL) and the Ajinomoto Heartland, Inc., Amino 
Acid Laboratory (Eddyville, IA). Dry matter was determined using a drying oven (method 
930.15; AOAC, 2007). Acid hydrolyzed ether extract was assayed using a SoxCap hydrolyzer 
(model SC 247) and a Soxtec fat extractor (model 255; Foss, Eden Prairie, MN; method 968; 
AOAC, 2007). Starch (diets and ileal samples only) was analyzed using a Megazyme total starch 
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assay kit (Wicklow, Ireland; modified method 996.11, AOAC 1996). Insoluble dietary fiber 
(IDF) and soluble dietary fiber (SDF) were determined using the Ankom TDF Dietary Fiber 
Analyzer (AOAC 991.43, AOAC, 2007; Ankom Technology, Macedon, NY). Total dietary fiber 
(TDF) was reported as the sum of IDF and SDF. Acid detergent fiber (ADF) and neutral 
detergent fiber (NDF) were determined using an Ankom automated fiber analyzer (model 2000, 
Macedon, NY; a modified method from Van Soest and Robertson, 1979). Insolublehemicellulose 
concentration was determined by subtracting ADF from NDF. Gross energy was determined 
using a bomb calorimeter (model 6200; Parr Instrument Co., Moline, IL). Benzoic acid (6,318 
kcal/kg; Parr Instruments, Moline, IL) was used as the standard for calibration and was 
determined to contain 6,319 ± 2.2 kcal/kg. Chromium was determined using the method of 
Fenton and Fenton (1979); absorption was measured at 440 nm using a spectrophotometer 
(Synergy 4; BioTek Instruments Inc., Winooski, VT). Crude protein as N  6.25 was determined 
by using an N analyzer (Rapid N Cube, Elementar Analysensyteme GmbH, Hanau, Germany; 
method 990.03, AOAC, 2006). Amino acids were analyzed according to method 982.30 E (a, b, 
c; AOAC, 2007) using an Amino Acid Analyzer (model L 8800; Hitachi High Technologies 
America Inc., Pleasanton, CA).  
The apparent ileal digestibility (AID) of starch, crude protein, AA, DM, GE, AEE, IDF, 
SDF, TDF, NDF, ADF and hemicellulose and the apparent total tract digestibility (ATTD) of 
DM, GE, AEE, IDF, SDF, TDF, NDF, ADF, and hemicellulose were determined using the 
following equation (Oresanya et al., 2008): 
ATTD or AID, % = [100 – [100 × (% chromic oxide in feed / % chromic oxide in feces or ileal 
digesta) × (concentration of component in feces / concentration of component in feed)]]. 
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Hindgut disappearance of DM, GE, AEE, IDF, SDF, TDF, NDF, ADF, and hemicellulose  
was calculated as the difference between the concentration of these components in the ileal 
digesta and the feces (Pilcher et al., 2010).  
Statistical analysis 
Data were analyzed according to the following model: 
𝑦 =  𝜇 + 𝜏 + 𝜆 + (𝜏𝜆) + 𝛿 + θ + 𝜖  
where yijkl represents the observed value, μ is the overall mean, τ represents the fixed effect of 
DDGS level,  λ represents the fixed effect of formulation method, τλ represents the interaction 
between DDGS level and formulation method, δ represents the random effect of pig (0 ~Ν (0, 
𝜎 ) , θ represents the random effect of the collection period (0 ~Ν (0, 𝜎  ), and ϵ is the random 
error (0 ~Ν (0, 𝜎  ).  
The UNIVARIATE procedure of SAS (SAS Inst., Inc., Cary, NC) was used to analyze 
for normality and outliers (defined as standardized residuals greater than 3 standard deviations 
away from the mean). The model was analyzed using the MIXED procedure of SAS. For 
significant interactions, the Fisher’s Least Significant Difference adjustment was used to assess 
pairwise comparisons between individual treatment means. Additionally, the CONTRAST 
statement was used to compare the average response to DDGS levels in CN and CI against the 
basal formulation. Effects were considered statistically significant with P-values ≤ 0.050, and P-
values between 0.050 and 0.100 were considered trends. The pig was the experimental unit for 
all analyses. 
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Resutls 
All animals were successfully cannulated in the distal ileum and recovered from surgery 
without incident. All pigs fully consumed their daily rations during the entire experimental 
period.  
Except for the average of dispensable AA, the AID of crude protein, the average of all 
AA, the average of all indispensable AA, and the AID of each indispensable amino acid 
decreased as the level of DDGS increased (P < 0.010; Table 5.3). The formulation method did 
not affect the AID of crude protein, Arg, His, Ile Leu, Phe Val, the average of dispensable AA, 
and the average of all AA. However, the CN formulation method decreased the AID of Lys and 
Met compared with the CI formulation method (P = 0.001 and P = 0.013, respectively). There 
was a DDGS level × formulation method interaction for the AID of Thr and Trp; the  decrease in 
AID from 0 to 30% DDGS was not different between the CN and the CI formulation methods (P 
< 0.005). However, the AIDs of Thr and Trp decreased further for the CN 45% DDGS diet (P = 
0.050), but it did not decrease further to the CI 45% DDGS diet.  
Averaged across the DDGS levels, the AID of crude protein, indispensable AA, Arg, His, 
Lys, Met, Phe, Thr, Trp, Val, dispensable AA, and the average of all AA decreased using either 
CN or CI compared with the basal diet (P < 0.010). However, the AID of Ile was not different 
for the average response to DDGS using either CN or CI. The average AID of Leu tended to be 
reduced as DDGS increased for the CN, but in the CI formulation method, no difference was 
observed 
The AID of DM, GE, IDF, SDF, TDF, NDF, hemicellulose, and starch decreased as the 
level of DDGS increased (P < 0.050; Table 5.4). In contrast, the AID of ADF increased as the 
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level of DDGS increased (P = 0.027). The formulation method did not affect the AID of DM, 
GE, IDF, TDF, ADF, and starch. However, using the CN formulation method resulted in a 
tendency for increased AID of IDF and increased the AID of insoluble hemicellulose compared 
with the CI method (P = 0.090 and P = 0.045, respectively). For the AID of AEE, there was a 
DDGS level × formulation method interaction (P = 0.015); with the CN formulation method, the 
AID of AEE decreased from 0 to 30 % DDGS and remained constant from 30 to 45% DDGS. In 
contrast, for the CI formulation method, the AID of AEE did not change from 0 to 45% DDGS.   
The AID of DM, GE, IDF, SDF, TDF, NDF, and insoluble hemicellulose decreased for 
the average response to DDGS using both the CN and the CI formulation methods compared 
with the basal diet (P < 0.050). The AID of AEE decreased for the average response to DDGS if 
diets were formulated based on CN (P < 0.001), but did not change when the CI method was 
used. The AID of ADF was not different between the CN and CI formulation methods compared 
with the basal diet. 
The ATTD of DM, GE, IDF, TDF, NDF, and insoluble hemicellulose decreased as the 
level of DDGS increased in the formulation (P < 0.001). In contrast, the level of DDGS did not 
affect the ATTD of AEE, SDF, and ADF. Formulating using the CN method resulted in reduced 
ATTD of AEE compared with the CI method. In contrast, formulating diets using the CN 
method resulted in an increase in the ATTD of IDF and TDF compared with results obtained 
using the CI method (P = 0.004 and P = 0.004, respectively). The ATTD of DM, GE, IDF, SDF, 
TDF, NDF, and hemicellulose decreased for the average response to DDGS using the CN and 
the CI formulation methods compared with the basal diet (P < 0.050).  
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The ATTD of AEE was similar for the average response to DDGS using the CN method 
but increased using the CI method compared with the basal diet (P = 0.017). The ATTD of ADF 
was not different between the CN and CI formulation methods. 
The hindgut disappearance of DM increased, whereas the hind gut disappearance of GE 
tended to decrease as the level of DDGS increased in the formulation (P = 0.003 and P = 0.091, 
respectively). Likewise, the hindgut disappearance of SDF increased as the level of DDGS 
increased in the formulation (P < 0.001). The hindgut disappearance of IDF, TDF, NDF, ADF, 
and hemicellulose was not affected by the DDGS level. Using the CN formulation method 
increased the hindgut disappearance of SDF compared with the CI formulation method. 
However, the formulation method did not affect the hindgut disappearance of DM, GE, IDF, 
TDF, NDF, ADF, and hemicellulose. The hindgut disappearance of DM, GE, IDF, SDF, and 
TDF increased for the average response to DDGS level compared with the basal diet (P < 0.010). 
Similarly, the hindgut disappearance of NDF and hemicellulose tended to increase for CN 
compared with the basal diet (P = 0.074 and P = 0.075, respectively) and increased for CI 
compared the basal diet (P = 0.018 and P = 0.017, respectively).    
Discussion 
As with any ingredient, corn DDGSs is added to diets when they are available at a 
competitive cost. When formulated correctly, performance using high levels of DDGS can be 
maintained throughout the grow-finish period (Weber et al., 2015). Although variable in 
chemical composition (Stein and Shurson., 2009), DDGS is considered a good source of GE, 
total AA, fat, phosphorus, but also has a high insoluble fiber concentration (Patience and Petry, 
219). However, the efficiency in the utilization of most of these dietary components is moderate, 
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reducing its potential feeding value (Stein and Shurson, 2009). The decreased digestibilities of 
DM and GE when DDGS is added to swine diets has been attributed to the increased 
concentration of insoluble fiber (Gutierrez et al., 2013). In fact, in this as well as similar 
experiments (Gutierrez et al., 2016), a major proportion of the decrease in digestibility can be 
attributed to the poor use of insoluble fiber by growing pigs; this is reflected in the amount of  
DM excreted in the feces.  
Increasing the DDGS level decreased the AID of SDF in the small intestine but increased 
the hindgut disappearance of SDF in the large intestine. These results agree with Jaworski and 
Stein (2017), who compared a basal corn-soybean meal diet and the diet with 30%  DDGS. 
These data indicate that although soluble fiber represents a minor component in DDGS, it is 
extensively used in the large intestine regardless of the DDGS level. 
The other proportion of the decrease in the digestibility of DM and GE is the result of the 
decrease in the digestibility of other dietary components such as starch and AA. The high 
digestibility of starch in pigs is mainly attributed to effective enzymatic digestive mechanisms 
along the small intestine (Li et al., 2015). Results of this experiment confirm that although starch 
is well digested in the small intestine (about 95%), the increased level of insoluble fiber modestly 
decreased starch digestibility. Starch digestibility can be affected by insoluble fiber level 
(Rosenfelder-Kuon et al. 2017), mainly attributed to encapsulation within the cell wall 
components, which remain in DDGS following fermentation. It is expected that starch in DDGS 
is less digestible than that found in corn since starch in DDGS is the residual fraction resistant to 
fermentation in the distillery process; this, in turn, probably means it would be resistant to 
digestion in the small intestine of the pig as well.  
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The observation that increasing the level of DDGS decreased the AID of AA (except for 
the average of dispensable AA), maybe attributed to insoluble fiber “trapping” nutrients and 
limiting their access to digestive enzymes, especially those directly associated with cell walls or 
encapsulated in the cell wall matrix (Kerr and Shurson, 2013; Grundy et al., 2016); this, in turn, 
decreases estimates of nutrient digestibility (Liu et al., 2014). In fact, data from Li et al. (1994) 
supports the fiber trapping mechanism to explain the decrease in the digestibility of AA because 
there was no effect on the AID of AA by adding a crystalline source of insoluble fiber.to the diet.  
Ingredients high in IDF, including corn DDGS, are bulkier than corn or soybean meal 
(Wu et al., 2016), and thus increase intestinal swelling and mucus secretions (Bach Knudsen et 
al., 2012), and dilute nutrients embedded in the digesta. Insoluble fiber may also increase the 
intestinal rate of passage (Wenk 2001; Lindberg, 2014), which reduces the time of exposure to 
the digestive processes. However, it is also possible that fiber-independent factors such as heat-
damaged AA in DDGS can also contribute to the decrease in the use of AA (Columbus and de 
Lange, 2012).  
The other factor studied in this experiment was the formulation method. In practical 
terms, the difference between the CN and CI formulation methods was a slight change in the 
chemical profile of the diet: more ether extract, more indispensable AA, and more macro 
minerals in diets formulated based on CI compared with CN. Independent of the DDGS level, 
digestibility differences between both formulation methods were associated with 3 diet fractions: 
insoluble fiber, some indispensable AA, and the AEE. Changes in the digestibility of insoluble 
fiber are a direct consequence of the microbiota’s ability to ferment cell wall components 
(Sciellour et al., 2018), a consequence of the microbiota shifting and adjusting according to the 
substrate present in their environment (Hillman et al., 2017; Williams et al., 2017). Any observed 
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differences between the 2 formulation methods can be attributed to the changes in diet 
composition that may shift the profile of the nutrients reaching the terminal ileum and the 
fermentation of the insoluble fiber fractions. This experiment suggests that CI diets (more AA, 
fat, and minerals than CN diets) decrease the digestibility of insoluble fiber. Considering that the 
chemical composition profile of the CI diets is unlikely to be formulated under practical 
conditions, and there is no practical way to adjust their effect on fiber digestibility, the CI 
formulation method is not recommended to evaluate fiber utilization. Thus, the CN formulation 
method is recommended to determine the fiber digestibility of an ingredient. 
Although the AID of Lys, Met, Thr, and Trp decreased as the level of DDGS increased, 
the reduction was more pronounced in the CN than the CI formulation method. This difference 
can be attributed to the addition of synthetic AA. In the CN formulation method, the level of 
synthetic AA decreased, whereas, in the CI formulation method, the level of synthetic AA was 
kept constant across DDGS levels. Unlike dietary AA (in the form of proteins) present in 
ingredients, crystalline AA are readily available and highly digestible because they are not 
trapped in the ingredient fiber matrix. Therefore, the use of the CI formulation method is 
recommended as it eliminates the confounding effect of synthetic AA when evaluating the 
response to DDGS.  
Increasing the level of DDGS using the CN formulation method (maintaining similar 
AEE level across diets) decreased the AID of AEE, whereas when DDGS level increased using 
the CI method (increased level of AEE as a result of the constant addition of soybean oil across 
diets) resulted in similar AID of AEE. On the other hand, increasing the level of DDGS did not 
influence the ATTD of AEE, but was lower using the CN compared with the CI formulation 
method. The apparent digestibility of AEE can be confounded by both nutrients AND 
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ingredients.  Some research suggests that extracted fat is more digestible than the fat present in 
ingredients (Kil et al. 2010, 2011), supporting the need for constant addition of soybean oil 
(using the CI formulation method to avoid the confounding effect of ingredient). However, this 
differential in the digestibility estimates may be an artefact. The intestinal endogenous losses can 
substantially affect the apparent digestibility of AEE more at lower levels of inclusion than at 
higher levels (Jørgensen et al., 1993). In fact, Gutierrez et al. (2016) demonstrated that soybean 
oil did not affect the true digestibility of fat. A solution to compare apparent digestibility is to 
have similar fat levels across diets (achieved using the CN formulation method); otherwise, 
digestibility values need to be corrected for endogenous losses to avoid biased comparisons.  
In conclusion, increasing IDF in diets for pigs by adding DDGS decreased the 
digestibility of most dietary components, including DM, GE, starch, IDF, and AA. The CN and 
CI formulation methods are equivalent when evaluating the digestibility of DM, GE, starch, 
crude protein, and AA (when they were not added in purified-synthetic forms). However, 
differences between CN and CI formulation methods were detected for the digestibility of 
insoluble fiber, fat and essential AA (when added in a purified-synthetic form).  On the basis of 
these results, the CN formulation method is suggested for use when evaluating the digestibility 
of insoluble fiber and fat. In contrast, the CI method is recommended for use when evaluating 
AA digestibility of an ingredient if synthetic AA are added in the formulation. 
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Table 5.1. Ingredient composition of the experimental diets 
   Formulation method 
 Basal  Constant nutrients1  Constant ingredients2 
   DDGS level, % 
Ingredient, % 0%  15%  30%  45%   15%  30%  45%  
Corn  82.86  68.56 54.25 39.95   67.86 52.86 37.86 
Corn DDGS-RO3  0.00  15.00 30.00 45.00  15.00 30.00 45.00 
HP 3004 5.89  5.89 5.89 5.89  5.89 5.89 5.89 
Casein  3.00  3.00 3.00 3.00  3.00 3.00 3.00 
Plasma 3.00  3.00 3.00 3.00  3.00 3.00 3.00 
Soybean oil  1.20  0.80 0.40 0.00  1.20 1.20 1.20 
Limestone  1.29  1.37 1.45 1.53  1.29 1.29 1.29 
Monocalcium phosphate  0.71  0.48 0.24 0.00  0.71 0.71 0.71 
L-Lys HCl 0.39  0.32 0.25 0.18  0.39 0.39 0.39 
DL-Met 0.06  0.04 0.02 0.00  0.06 0.06 0.06 
Thr 0.11  0.07 0.04 0.00  0.11 0.11 0.11 
Trp 0.03  0.02 0.01 0.00  0.03 0.03 0.03 
Salt 0.60  0.60 0.60 0.60  0.60 0.60 0.60 
Vitamin premix5 0.20  0.20 0.20 0.20  0.20 0.20 0.20 
Trace mineral premix6 0.15  0.15 0.15 0.15  0.15 0.15 0.15 
Chromic oxide  0.50  0.50 0.50 0.50  0.50 0.50 0.50 
1Constant nutrients = DDGS were added at the expense of corn, and the nutrient levels were maintained equal to those of the basal 
diet. 
2Constant ingredients = DDGS were added at the expense of corn, and all other ingredients were maintained equal to the basal diet; 
thus, nutrients were allowed to float. 
3DDGS-RO= distillers dried grains with solubles-reduced oil. 
4Processed soy protein concentrate (Hamlet Protein, Findlay, OH). 
5Vitamin premix provided the following (per kg diet): 6,125 IU of vitamin A; 700 IU of vitamin D3; 50 IU of vitamin E; 3 mg of 
menadione (to provide vitamin K); 11 mg of riboflavin; 27 mg of d-pantothenic acid; 0.05mg of vitamin B12, and 56 mg of niacin.  
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6Mineral premix provided the following (/kg diet): 165 mg of Fe (ferrous sulfate); 165 mg of Zn (zinc sulfate); 39 mg of Mn 
(manganese sulfate); 16.5 mg of Cu (copper sulfate); 0.3 mg of I (calcium iodate); 0.3 mg of Se (sodium selenite); and 250 FTU/kg of 
phytase (Quantum Blue 5G, AB Vista Feed Ingredients; Marlborough, Wiltshire, UK).   
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Table 5.2. Analyzed chemical composition of the experimental diets (as-fed basis) 
 Formulation method 
 Basal  Constant nutrients1  Constant ingredients2 
 DDGS Level, % 
Item 0%  15% 30% 45%  15% 30% 45% 
 DM, % 87.3  87.7 88.0 88.4  87.8 87.6 88.4 
 GE, Mcal/kg 3.94  4.02 4.07 4.15  4.03 4.11 4.19 
 AEE3, % 4.7  4.7 5.0 4.9  5.5 5.6 6.1 
 Starch, % 49.6  43.0 34.0 24.1  39.7 31.1 26.3 
 Neutral detergent fiber, % 7.9  10.7 12.6 15.9  10.6 12.4 15.3 
 Acid detergent fiber, % 1.8  2.7 3.3 4.6  2.6 3.4 4.4 
 Insoluble hemicellulose, % 6.1  8.1 9.4 11.3  8.0 9.0 10.9 
 Insoluble dietary fiber, % 9.2  12.5 14.5 17.6  12.1 13.9 16.6 
 Soluble dietary fiber, % 0.9  1.3 1.5 2.0  1.4 1.7 1.9 
 Total dietary fiber4, % 10.1  13.8 16.2 19.6  13.5 15.6 18.6 
 Crude protein, % 14.8  18.3 21.6 25.1  18.8 21.7 25.4 
 Indispensable AA, %          
  Arg 0.67  0.79 0.95 1.06  0.80 0.95 1.01 
  His 0.35  0.41 0.51 0.59  0.42 0.51 0.56 
  Ile 0.46  0.63 0.82 0.86  0.68 0.80 0.82 
  Leu 1.24  1.59 2.05 2.26  1.66 2.04 2.18 
  Lys 0.99  0.99 1.08 1.13  1.09 1.18 1.20 
  Met 0.28  0.31 0.35 0.40  0.33 0.37 0.41 
  Phe 0.66  0.72 0.98 1.12  0.81 0.97 1.07 
  Thr 0.64  0.71 0.79 0.89  0.73 0.84 0.94 
  Trp 0.20  0.20 0.22 0.24  0.21 0.23 0.26 
  Val 0.69  0.83 1.00 1.12  0.84 1.00 1.07 
 Sum of Dispensable AA, % 6.83  8.16 10.05 11.63  8.35 10.06 11.23 
 Sum of all AA, % 13.00  15.36 18.80 21.30  15.90 18.94 20.75 
1Constant nutrients = DDGS were added at the expense of corn, and the nutrient levels were maintained equal to those of the basal 
diet. 
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2Constant ingredients = DDGS were added at the expense of corn, and all other ingredients were maintained equal to the basal diet; 
thus, nutrients were allowed to float. 
3AEE= acid hydrolyzed ether extract. 
4Total dietary fiber = soluble dietary fiber + insoluble dietary fiber. 
 
  
154 
 
155 
 
 
 
Table 5.3. Impact of DDGS level and formulation method on the apparent ileal digestibility (AID) of crude protein and AA. 
 Formulation method    Contrast3 
 Basal  Constant nutrients1  Constant ingredients2  P-value   
 DDGS level, %    Level× 
Formula 
Basal 
vs. CN 
Basal 
vs. CI Item 0  15 30 45  15 30 45 SEM Level Formula 
AID, %                
 Crude protein 76.9  74.8 73.4 71.5  74.8 73.2 73.2 0.8 0.002 0.329 0.230 <0.001 <0.001 
 Indispensable 
AA 
82.5  79.3 78.3 75.5  79.4 78.9 76.9 0.7 <0.001 0.120 0.479 <0.001 <0.001 
  Arg 85.5  84.0 83.8 82.4  83.4 83.9 82.8 0.5 0.030 0.969 0.547 0.001 0.002 
  His 83.7  80.2 79.5 76.8  79.7 79.4 76.6 1.0 <0.001 0.550 0.938 <0.001 <0.001 
  Ile 77.0  77.7 78.0 73.8  79.0 78.1 74.4 0.8 <0.001 0.185 0.648 0.530 0.844 
  Leu 83.9  82.9 83.7 81.7  83.4 83.8 82.0 0.7 0.001 0.415 0.957 0.074 0.248 
  Lys 86.6  81.4 79.2 74.7  83.0 81.2 77.0 0.7 <0.001 0.001 0.855 <0.001 <0.001 
  Met 88.6  86.2 84.5 82.9  86.2 85.6 84.6 0.5 <0.001 0.013 0.169 <0.001 <0.001 
  Phe 83.6  79.4 81.7 80.1  81.0 81.7 80.4 0.7 0.007 0.122 0.273 <0.001 0.002 
  Thr 79.5a  75.0b 72.0c 68.8d  74.5b 73.3bc 71.9c 0.8 <0.001 0.022 0.050 <0.001 <0.001 
  Trp 76.6a  69.9b 68.0c 63.4d  70.3b 68.5bc 67.9c 0.9 <0.001 0.004 0.029 <0.001 <0.001 
  Val 80.0  77.0 77.3 73.9  77.0 77.0 74.2 0.8 <0.001 0.920 0.645 <0.001 <0.001 
 Dispensable AA4 77.1  73.8 74.8 72.5  73.9 74.6 73.2 1.0 0.133 0.514 0.551 <0.001 0.001 
 All AA5 80.6  77.6 78.1 75.3  77.9 78.1 76.1 0.8 0.002 0.345 0.568 <0.001 <0.001 
a–dMeans within a row with different superscripts significantly differ (P < 0.050). 
1Constant nutrients = DDGS were added at the expense of corn, and the nutrient levels were maintained equal to those of the basal 
diet. 
2Constant ingredients = DDGS were added at the expense of corn, and all other ingredients were maintained equal to the basal diet; 
thus, nutrients were allowed to float. 
3Basal diet vs. constant ingredient diets and basal diet vs. constant nutrients diets. 
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4Average AID for all dispensable AA. 
5Average AID for all AA (indispensable and dispensable). 
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Table 5.4. Impact of DDGS level and formulation method on the apparent ileal digestibility (AID), the apparent total tract 
digestibility (ATTD) and hind gut disappearance of dietary components.1 
 Formulation method    Contrast3 
 Basal  Constant nutrients2  Constant ingredients3  P-value   
 DDGS level, %    Level× 
Formula 
Basal 
vs. CN 
Basal 
vs CI Item 0  15 30 45  15 30 45 SEM Level Formula 
AID, %                
 DM 79.1  72.4 66.0 61.5  72.0 66.2 61.5 0.8 <0.001 0.225 0.160 <0.001 <0.001 
 GE 80.4  74.3 69.3 64.1  74.2 69.6 66.5 0.8 <0.001 0.102 0.113 <0.001 <0.001 
 AEE4 73.9a  70.9b 67.8c 68.1c  73.6a 74.6a 75.4a 0.9 0.472 <0.001 0.015 <0.001 <0.189 
 IDF5 42.5  33.2 24.7 21.9  32.3 20.1 21.0 2.4 <0.001 0.204 0.579 <0.001 <0.001 
 SDF6 32.0  27.5 18.2 8.9  38.9 16.9 18.6 4.5 <0.001 0.073 0.322 0.016 0.014 
 TDF7 41.5  32.5 23.5 20.6  33.0 19.3 20.9 2.1 <0.001 0.473 0.412 <0.001 <0.001 
 NDF8 40.3  34.0 24.9 22.4  31.3 21.3 20.1 2.4 <0.001 0.090 0.818 <0.001 <0.001 
 ADF9 5.2  3.9 2.1 9.6  3.2 3.0 7.3 3.1 0.027 0.709 0.778 0.991 0.710 
 Insoluble 
hemicellulose 
50.6  43.6 32.8 27.5  40.3 28.1 26.6 2.3 <0.001 0.045 0.556 <0.001 <0.001 
 Starch 95.8  94.9 92.8 93.1  94.0 93.1 93.2 0.8 0.014 0.684 0.504 0.002 <0.001 
ATTD, %                
 DM 85.7  82.7 78.7 73.7  82.4 78.0 74.3 0.5 <0.001 0.732 0.326 <0.001 <0.001 
 GE 84.8  82.3 78.6 74.4  82.2 78.5 75.6 0.5 <0.001 0.337 0.226 <0.001 <0.001 
 AEE 61.9  61.8 60.7 60.1  65.4 66.2 67.5 1.2 0.931 <0.001 0.170 0.354 0.017 
 IDF 53.7  54.4 46.1 41.3  50.3 41.8 40.2 1.3 <0.001 0.004 0.340 <0.001 <0.001 
 SDF 73.7  82.6 83.3 87.8  80.0 82.7 82.2 2.8 0.405 0.201 0.662 0.002 0.007 
 TDF 55.5  57.1 50.0 45.9  53.3 46.3 44.5 1.2 <0.001 0.004 0.493 0.002 <0.001 
 NDF 53.3  50.4 44.0 39.3  49.9 41.0 39.9 1.3 <0.001 0.324 0.328 <0.001 <0.001 
 ADF 29.8  32.8 30.1 34.4  32.3 32.3 33.5 1.9 0.283 0.879 0.611 0.190 0.294 
 Insoluble 
hemicellulose 
60.1  55.8 47.7 41.5  54.2 44.1 42.4 1.2 <0.001 0.114 0.171 <0.001 <0.001 
Hindgut 
disappearance, % 
               
 DM 6.6  10.5 12.6 14.3  10.4 11.8 12.8 1.0 0.003 0.217 0.672 <0.001 <0.001 
 GE 4.4  8.0 9.3 10.3  7.9 8.9 9.1 1.0 0.091 0.383 0.722 <0.001 <0.001 
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Table 5.4. Continued               
 AEE -9.5  -8.4 -6.9 -7.8  -7.8 -8.5 -7.7 2.1 0.949 0.947 0.867 0.417 0.382 
 IDF 10.6  21.1 21.5 19.4  18.0 21.5 19.4 2.9 0.604 0.582 0.738 0.002 0.002 
 SDF 42.2  54.9 64.4 78.8  40.7 65.7 63.9 4.5 <0.001 0.019 0.166 <0.001 <0.001 
 TDF 13.5  24.4 26.6 25.4  20.4 26.7 24.0 2.5 0.197 0.320 0.652 <0.001 <0.001 
 NDF 12.5  16.2 19.9 16.9  18.3 19.6 19.2 2.9 0.541 0.438 0.828 0.074 0.018 
 ADF 23.9  28.7 28.3 25.1  29.1 29.3 26.1 3.9 0.431 0.715 0.993 0.362 0.295 
 Insoluble 
hemicellulose 
9.0  12.2 15.0 14.1  13.8 16.0 15.8 2.6 0.460 0.380 0.977 0.075 0.017 
a–cMeans within a row with different superscripts significantly differ (P < 0.050). 
1Constant nutrients = DDGS were added at the expense of corn, and the nutrient levels were maintained equal to those of the basal 
diet. 
2Constant ingredients = DDGS were added at the expense of corn, and all other ingredients were maintained equal to the basal diet; 
thus, nutrients were allowed to float. 
3Basal diet vs. constant ingredient diets and basal diet vs. constant nutrient diets. 
4AEE = acid hydrolyzed ether extract. 
5SDF = soluble dietary fiber. 
6IDF = insoluble dietary fiber. 
7TDF = total dietary fiber (calculated as the sum of IDF and SDF). 
8NDF = neutral detergent fiber. 
9ADF = acid detergent fiber. 
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CHAPTER VI: INTEGRATIVE SUMMARY 
 
General Discussion 
Of all carbohydrates fed to pigs, two different types were considered in this dissertation. 
First, lactose, a simple carbohydrate, is frequently added to starter diets as a familiar energy 
source to the young pig to ameliorate the impact of weaning stress. The other is insoluble fiber 
(complex carbohydrate), whose level will consequentially increase when high fiber ingredients 
are used to reduce the cost of the diet. The insoluble fiber fraction brings particular challenges to 
swine nutritionists, including diluting the net energy (since it cannot be extensively fermented in 
the intestinal tract of the pig; Bach Knudsen et al., 2013), but most importantly, by decreasing 
the digestibility of different dietary components (Gutierrez et al., 2016). Although lactose and 
insoluble fiber are very different, they have the potential to interact with other components of the 
diet. Both of these carbohydrates can affect nutrient utilization, and the intestinal health of the 
pig. At the same time, feed additives are usually added to improve these same parameters. 
Therefore, there is interest in determining potential interactions between these dietary 
components and various feed additives.  
The primary purpose of this dissertation was to improve our understanding of the role of 
simple carbohydrates, exemplified by lactose, and insoluble complex carbohydrates on different 
nutritional interventions for nursery and growing pigs, respectively. This dissertation focused on 
three specific examples: 1) the study the role of lactose on growth performance, nitrogen balance 
and intestinal function, and its potential interaction with a prototype Lactobacillus acidophilus 
fermentation product (FP) in nursery pig diets (Chapters II and III), 2) to investigate if an 
increase in dietary insoluble fiber affects the efficacy of the phytase enzyme in nursery pig diets 
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(Chapter IV), and 3) to determine the role of insoluble fiber on nutrient digestibility and its 
relationship with the manner in which the study diets were formulated (Chapter IV).  
Although there was no increase in the growth performance of nursery pigs by increasing 
lactose levels from 7.5 to 15.0% in diets (Chapter II). The results of this research support the 
positive role of adding lactose to diets for nursery pigs (Chapter III). The addition of lactose was 
proven to not only improve feed intake and the digestibility of DM and GE but it also increased 
N retention and thus protein deposition in weaned pigs. These findings emphasize the benefit of 
adding lactose when looking at antibiotic-free feeding programs. However, this research does not 
support the role of lactose on improving markers of intestinal barrier integrity and inflammation.  
The addition of the FP to the diet did not improve the growth performance, digestibility 
of DM or markers of intestinal integrity. However, there is some evidence supporting 
improvement in the digestibility of N. No major interactions between lactose and the FP were 
observed. The lack of positive results in the intestinal health-related variables when using either 
LA or FP should be interpreted in context. In this experiment, there were no major problems with 
feed intake or signs of disease, main indicators of the severity of the weaning transition(Rhouma 
et al., 2017; Spreeuwenberg et al., 2001).  
The results of the phytase and fiber study (Chapter IV) indicated a clear improvement in 
growth performance, bone mineralization, and the calculated P released due to the addition of 
phytase to both low and high fiber diets (7.5 and 15.2% NDF, respectively). Since the addition of 
insoluble fiber did not affect the ability of phytase to work, nutritionists can confidently utilize 
phytase in the presence of ingredients that are high in insoluble fiber.  
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However, there are other possible ways in which insoluble fiber and phytase can interact, 
for example, in a super-dosing scenario. There is some evidence suggesting that phytase can 
increase the digestibility of insoluble fiber (Johnston et al., 2004). Phosphorus is essential for 
microbial communities present in the large intestine; this is particularly true for cellulolytic 
components. Thus, it is possible that increasing the availability of P by adding phytase at super 
dosing levels (> 1,000 FTU) may concurrently improve the fermentation of the insoluble fiber in 
the large intestine (Metzer and Mosenthin, 2008). However, we did not feed phytase at super-
dose levels, perhaps explaining why we did not see this phenomenon.  
Understanding the relationship between dietary components and feed additives is key to 
their most effective utilization in practical diets. In both of the instances investigated, the 
carbohydrates evaluated (lactose and insoluble fiber) did not interfere with the feed additives 
evaluated (the FP and the phytase enzyme). This lack of interference can be seen as positive 
because this suggests that these feed additives can be used with confidence in diets with variable 
ingredient composition. However, this also means that these feed additives do not have 
synergistic mechanisms with the carbohydrates evaluated.  
Finally, this research herein (Chapter V) confirmed the negative effect of increasing the 
insoluble fiber level on the digestibility of most dietary components, including GE, starch, 
insoluble fiber, and AA. Most importantly, our data provide new information on the impact of 
the formulation method - either formulating to constant nutrient levels (where the nutrient levels 
are maintained equal to those of the basal diet; CN) or to constant ingredient (where the 
ingredient of interest is added at the expense of corn and all other ingredients remain constant; 
therefore, nutrients were then allowed to float; CI). Results showed that the CN and CI 
formulation methods generate similar results when evaluating the digestibility of DM, GE, 
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starch, crude protein and AA (when they were not added in purified-synthetic forms). However, 
results showed that formulating diets using CI decreases the digestibility of insoluble fiber 
compared with CN. Based on this effect, and the fact that the chemical composition profile of the 
CI diets is unlikely to be formulated in practical diet, the CI formulation method is not 
recommended to evaluate fiber utilization. Results also demonstrated that using increased levels 
of fat (CI diets) will produce different fat digestibilities compared with when fat levels are kept 
constant (CN diets). Since endogenous secretions of fat have less influence on apparent fat 
digestibility as fat level increases, the comparison between different fat levels has to be corrected 
by endogenous secretions first. Thus, the apparent digestibility of fat should be done using 
similar fat levels, e.g., using the CN formulation method. In contrast, maintaining ingredients 
equal is recommended when synthetic amino acids are added to the formulation, since their 
addition will increase AA digestibilities, thus confounding the effect of the insoluble fiber. 
Future Research 
Future research on the use of insoluble fiber by the pig should keep focusing on its 
relationship with the chemical composition of diets. Specifically, it is necessary to determine 
how consistent this relationship is. For instance, it would be valuable to investigate if the 
decrease in the digestibility of insoluble fiber observed in this experiment is consistent across 
other insoluble fiber sources used in the U.S (i.e., corn germ meal, corn bran, etc.). Additionally, 
it would be necessary to determine how the digestibility of each fraction of the insoluble fiber - 
cellulose, hemicelluloses or lignin - is affected by the dietary chemical composition for each 
ingredient. This information could be of great interest in the development of products related to 
the use of the insoluble fiber fraction in the pig.    
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